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Kurzfassung 
 
Im Rahmen der vorliegenden Dissertation wird gezeigt, dass Heißprägen mit 
Ultraschall für die Herstellung von Mikrostrukturen und ganzen Mikrosystemen aus 
Kunststoff geeignet ist. Mikrostrukturen können hierbei in wenigen Sekunden erzeugt 
werden. Ähnlich wie beim Heißprägen wird ein Polymerfilm durch Erhitzen erweicht 
und die Mikrostruktur wird von einem Metallwerkzeug abgeformt. Die thermische 
Energie wird allerdings mit einem Ultraschallschweißgerät erzeugt, das mechanische 
Schwingungen mit bis zu einigen 10 µm Amplitude und einer Frequenz von 20 bis 
70 kHz ausführt. Diese Schwingungen werden auf die Folie übertragen, indem die 
Sonotrode des Ultraschallgerätes die Folie auf das Werkzeug presst. Die zyklischen 
Deformationen der Folie erzeugen lokale Erwärmungen und das Aufschmelzen der 
Folie, wo sie mit erhabenen Mikrostrukturen auf dem Werkzeug in Berührung steht. 
Nach dem Aufschmelzen und dem Abkühlvorgang, der innerhalb weiniger Sekunden 
vollzogen ist, kann die Mikrostruktur aus dem Werkstück entnommen werden. Mikro-
strukturen mit weiniger als 2 µm Breite wurden so bei einer Betriebsfrequenz von 
35 kHz erzeugt. Mit dem gleichen Herstellungsprozess ist ein Mikrokanal mit einem 
besonders entworfenen Werkzeug dicht verschlossen worden. 
Mit den folgenden Parametern lässt sich der Prozess im Wesentlichen steuern: Fre-
quenz, Amplitude, Einwirkzeit des Ultraschalls, Druck und Polymerart. Die Grenzen 
des neuen Prozesses wurden untersucht in Hinblick auf die Abmessungen der Sono-
trode, das erreichbare Aspektverhältnis, die Gesamtabmessungen der mikrostruk-
turierten Fläche und minimale und maximale Strukturhöhe.  
Der Herstellungsprozess wurde demonstriert anhand er Fertigung mikrofluidischer 
Geräte: unter anderem ein Mikromischer, ein thermischer Flusssensor und gewellten 
Membranen. Erhöhungen in einem Mikrokanal dienten der besseren Vermischung 
zweier Flüssigkeiten. Diese Erhöhungen wurden 20 µm hoch und 250 µm breit unter 
einem Winkel von 45° zu den Kanalwänden eingeprägt. Der Mischkanal wurde 
25 mm lang, 100 µm hoch und 500 µm breit entworfen. Der Mischkanal ist über eine 
T-förmige Zuleitung mit zwei Einlässen und am anderen Ende mit einem Auslass 
verbunden. Die Testergebnisse zeigten, dass die Mischzeit im Kanal durch die Erhö-
hungen um einen Faktor 4 verringert wird. 
Der thermische Mikroflusssensor bestand aus einem 100 µm hohen, 500 µm breiten 
und 1 cm langen Kanal aus Polypropylen. Quer durch diesen Kanal wurde ein Gold-
draht mit einem Durchmesser von 50 µm geführt. Die Messergebnisse entsprechen 
dem aus der Theorie zu erwartenden Verlauf. Als Reaktionszeiten wurden 24 ms bei 
einer plötzlichen Erhöhung des Flusses, und 20 ms beim Abschalten des Flusses 
ermittelt. Bei diesem Experiment wurde der Fluss von einer piezobetätigten Mikro-
pumpe erzeugt, die mit 0.5 Hz Betriebsfrequenz betrieben wurde.  
Außerdem wurde gezeigt, dass durch Heißprägen mit Ultraschall Leiterbahnen auf 
Polymersubstraten  hergestellt werden können, so genannte Molded Interconnect 
Devices (MID). Durch Mikrostrukturen auf den Werkzeugen wurde eine Metallfolie mit 
einer Plastikfolie lokal verschweißt. Scharfe Ränder an den hervorstehenden Mikro-
strukturen des Werkzeugs schneiden das Metall ab und stellen eine elektrische Iso-
lierung sicher. Die nicht geschweißten Bereiche werden nach diesem Prozess me-
chanisch entfernt. 
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Eine Spule aus einer 10 µm dicken Aluminiumfolie wurde auf einer 250 µm dicken 
Polypropylenfolie erzeugt. Diese Spule wurde und mit einem Kondensator zu einem 
Transponder kombiniert. Über eine externe Spule wurde dieser elektrische Schwing-
kreis zu Resonanzschwingungen zwischen 1,5 und 2,5 MHZ angeregt.  
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Abstract 
 
In this thesis ultrasonic micro hot embossing is shown to be suitable for the 
fabrication of polymer micro structures and entire devices. Micro structures are gene-
rated in a couple of seconds. Similar as in hot embossing, a polymer film is softened 
by heating and a micro pattern is molded from a metal tool. Heating is achieved with 
an ultrasonic welding machine generating mechanical vibrations with up to several 
10 µm amplitude at a frequency between 20 and 70 kHz. These vibrations are appli-
ed to the polymer film by pressing it with the horn of the ultrasonic machine onto the 
tool. The cyclical deformations of the polymer film generate local heating and melting 
of the polymer where it is in contact to protruding micro structures on the tool. After 
turning off the vibrations and cooling of the polymer within a few seconds the micro 
structure can be de-molded. Micro structures with feature sizes of down to 2 µm were 
produced this way at 35 kHz. With the same machine a micro channel was sealed by 
ultrasonic welding with a specially designed tool. 
The following parameters turned out to control the process significantly: frequency, 
amplitude, time, pressure, and polymer type. Process limits were observed with re-
spect to the achievable aspect ratio, overall pattern size, and minimum and maximum 
structure height. 
The fabrication process is demonstrated by manufacturing micro fluidic devices, such 
as micro mixers and micro thermal flow sensors, and, corrugated membranes. 
Ridges on the mixing channel were used to enhance a mixing of two liquids. The 
micro structure of the ridges was molded onto the mixing channel 20 µm high, 
250 µm wide, and orientated at an angle of 45° with respect to the channel walls. The 
mixing channel was designed 25 mm long, 100 µm high, and 500 µm wide with a T-
junction inlet and an outlet. Testing results show that the ridges decreased the mixing 
time by a factor of 4.   
The micro thermal flow sensor consists of a 100 µm high, 500 µm wide, and 1 cm 
long channel from polypropylene which is crossed by a gold wire with a diameter of 
50 µm. The measurement results support theory. The reaction times of the sensor 
were measured to be 24 ms after switching on and 20 ms after switching off the 
piezo-actuated micro diaphragm pump at 0.5 Hz.  
Furthermore, it was shown that this technique can be applied to generate molded 
interconnect devices (MID) also. A pattern of an electrically conducting metal was 
generated on a polymer substrate by welding a polymer layer with the metal on top 
onto the substrate where there were protruding micro structures on the tool. Sharp 
edges around the protruding structures cut the metal and ensure electrical insulation. 
The non-welded areas are mechanically removed after this process. 
A coil from a 10 µm thick aluminum layer was generated this way on a 250 µm thick 
polypropylene sheet. The coil was combined with a capacitor to a transponder which 
was excited with a primary coil to resonance oscillations at 1.5 to 2.5 MHz.  
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Chapter 1 
Introduction 
 
The roots of micro systems technology (MST) or micro electro mechanical systems 
(MEMS) range back to the end of the 1960s when anisotropic etching of silicon was 
discovered [1.1,1.2], thin film processes were developed [1.3], and sacrificial layer 
technique was invented [1.4]. A few years later the first steps towards polymer micro 
molding were done [1.5] and in the following time injection molding, hot embossing, 
and other fabrication techniques for polymer micro structures were developed [1.6].  
The major advantages of silicon micro fabrication are little wear, no creep, high 
reproducibility, and the possibility of integrated manufacturing with electronic circuits. 
On the other hand, polymer micro structures show the advantages of low cost and a 
large variety of material properties such as inertness to bases, acids, and solvents, a 
choice of wettability, etc.  
There are well-established technologies of polymer micro fabrication, injection mold-
ing, thermoforming, and hot embossing which allow mass production. However, the 
required investment costs are not affordable for small companies. I.e. a fabrication 
technique is desirable which allows small enterprises producing affordable micro 
products in small-scale fabrication and with small investments. Therefore, ultrasonic 
hot embossing of polymers has been developed. Early papers reporting on ultrasonic 
hot embossing showed already that plastic powders can be molded this way 
[1.7,1.8]. More recently it has been demonstrated that with this technique micro 
structures can be generated into a polymer layer [1.9-1.12].  Ultrasonic welding is 
already known for decades and applied in industry for many purposes [1.13-1.18]. 
The fabrication of polymer micro pumps and valves recently showed that this process 
can be used in micro technique also [1.19]. 
The objective of this work is to further develop ultrasonic hot embossing and to 
fabricate entire micro devices with this process. This technique is similar to hot 
embossing. A polymer film is placed between a micro patterned tool and an 
ultrasonic horn. Heat is generated by ultrasonic vibrations where protruding micro 
structures of the tool touch the film. As a result, the polymer is molten locally and 
adopts the inverse form of the micro patterns on the tool. This technique allows micro 
hot embossing of polymers or parts of larger polymer pieces in a couple of seconds. 
The local heat does not alter the rest of the work piece and reduces stress formation 
significantly. Not more equipment than a commercially available ultrasonic welding 
machine and the tools are required for this process. 
As examples a micro mixer, an anemometric flow sensor and corrugated membranes 
were manufactured by ultrasonic hot embossing and welding. Testing results of all 
devices have shown good functionality.  
Moreover, a new technique of ultrasonically molded inter-connecting devices (MID) 
was developed. Metal patterns from aluminium are welded onto polymer films by 
ultrasonic heat. On one side of the metal film, a polymer layer had been deposited 
which was bonded onto another polymer film. The tool is patterned such that 
ultrasonic welding is achieved at the desired positions and the metal film is cut by the 
tool. Unwanted areas, which were not welded, are removed. The metal patterns 
remain on the polymer sheet. Ultrasonic MID is performed in less than 3 seconds.    
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Chapter 2 reviews the theoretical background of the conventional ultrasonic welding 
techniques. The principle of converting mechanical energy to heat is also presented. 
A description of the ultrasonic machine is presented. Tool and fabrication techniques 
are described. Hot embossing is presented and in the last part of this chapter the 
concept of ultrasonic hot embossing is introduced. 
Chapter 3 describes the fabrication techniques both of ultrasonic micro hot emboss-
ing and ultrasonic welding. Process parameters and limitation of process are 
described. Molded interconnect devices (MID) by ultrasonic hot embossing are 
introduced.  
In chapters 4 to 5 ultrasonic hot embossing and welding of micro devices and also 
the test results of these devices are presented. A chaotic micro mixer and a thermal 
flow sensor are described in chapter 4, and 5, respectively.  
Chapter 6 presents the fabrication and testing of a transponder by ultrasonic MID.  
Finally Chapter 7 summarizes this thesis. 
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Chapter 2 
Introduction into the state of the technology 
 
2.1 Ultrasonic welding technology 
Ultrasonic welding is a common method for joining thermoplastic parts without using 
adhesives, solvents, or mechanical fasteners. There are a variety of applications for 
ultrasonic techniques beyond welding of two plastic parts together. They can be used 
for spot welding, stud welding, fabric and film sealing, and to plug and punch holes 
[2.1].  
Ultrasonic welding machines convert electrical energy into mechanical vibratory 
energy. This vibratory energy is transmitted to plastic parts by a specially designed 
horn that also applies pressure forcing the parts together. The high frequency 
vibration generated by the welding machine creates frictional heat that softens the 
plastic to create a bond at contact points between plastic parts. 
The advantages of ultrasonic welding are that no additional materials are needed, a 
clean process, high production rates, ease of automation and relatively low invest-
ment costs. Ultrasonic welding is also a very fast process, welding times are typically 
less than 1 second. It is a widely used technique. For above reasons the technique is 
suitable for mass production. 
Ultrasonic welding is commercially available. It is commonly operated at frequencies 
ranging from 10 kHz to 75 kHz. Each frequency has benefits and limitations. At lower 
operation frequencies, it is possible to deliver high power. However, higher operating 
frequencies cause less damage to the work pieces and produce less audible noise 
also. Table 2.1 shows a general trend of the power capabilities of most commercial 
equipment for various frequencies and the major benefits and/or limitations with the 
particular frequency.  
Table 2.1: Comparison of properties of ultrasonic welding machines [2.2].  
Operating 
Frequency 
Typical power 
capabilities/converter
Typical maximum 
converter output Comments 
10 to 20 kHz 6000 W to 3000 W 20 to 40 µm Relatively noisy, high power 
20 to 30 kHz 3000 W to 1000 W 10 to 20 µm Moderate noise and power 
40 to 75 kHz 1000 W to 400 W 5 to 10 µm Very quiet, low power 
In this work experiments were performed with a 20 kHz, 35 kHz and 70 kHz machine 
from Rinco ultrasonics AG. The generator of the 20 kHz machine is able to produce a 
power of up to 2000 W and the machine is able to generate amplitude between 15 
and 25 µm by using a 1:2 booster gain. The 35 kHz machine has a power of up to 
900 W and uses a 1:2 booster gain amplitude. This allows achieving the operation at 
an amplitude of up to 20 µm. At 70 kHz a generator with up to 100 W is available 
achieving an amplitude of up to 3 µm output from the converter. The 70 kHz machine 
has no booster. However the amplitude can be increased by a suitable horn shape. 
(cf. Table 2.2). Fig. 2.1 shows the 70 kHz and 35 kHz machines.  
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Table 2.2: Ultrasonic machine from Rinco ultrasonics AG.  
Operation 
frequency 
Power 
generation 
Maximum 
Force 
Amplitude
[µm] 
Welding 
model 
Generator 
model 
20 kHz 2000 W 3000 N 15 to 25 Standard3000 ADG20 
35 kHz 900 W 745 N 6 to 20 Dynamic745 ACU35 
70 kHz 100 W 50 N 3 Standard50 ADG70 
  
 
                 
              (a)     (b)  
Fig. 2.1: Ultrasonic welding machine; (a) 70 kHz, Standard50, (b) 35 kHz, 
Dynamic745 from Rinco ultrasonics AG [3.1]. 
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2.2 Equipment Description 
Figure 2.2 shows the layout of an ultrasonic welding machine. It contains four main 
components: power supply, transducer converter, booster, and horn or sonotrode. 
 
 
Fig. 2.2: Ultrasonic welding machine layout [2.3]. 
Transducer converter 
A converter is normally a piezoelectric which aims to convert electrical energy to 
mechanical energy. The converter generates output of 5 µm peak-to-peak at 35 kHz 
(Dynamic 745, Rinco ultrasonic AG). Most commercial ultrasonic welding machines 
use piezoelectric transducers because it has high efficiency when operated at 
resonance frequency [2.2]. Besides that, the converter is limited by its frequency. 
Since the converter is designed to resonate at a particular frequency to be able to 
have high efficiencies. The converter length is usually designed half of the 
wavelength. Therefore the converter length is fixed by the frequency. This limits 
result in a limit of the surface area and possible heat flow out of the converter. 
Hence, any internal losses of the converter can cause heating up, which can cause 
tuning and stress problems. In consequence, the length of the converter decreases 
with increasing frequency. Therefore, a higher frequency is reducing the available 
surface for heat dissipation. It is also limiting the possible continuous power level of 
the converter as show in Table 2.1. Higher operation frequency tends to have lower 
power capability [2.2].  
Booster 
The booster is used to amplify or reduce the vibration amplitude. The converter is 
connected to one end of the booster and the horn is connected to the other end (Fig. 
2.2).  
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Horn  
The ultrasonic horn is the last part of the ultrasonic machine to transfer vibration 
energy to working pieces. It has two main functions, first is to further increase the 
amplitude of vibration. Second is to apply the ultrasonic energy to the working pieces. 
The length design should be a half wavelength long. A horn material is normally 
made from aluminum or titanium because it has high sound velocity and durability. 
Fig. 2.3 shows the geometry, stress distribution, and amplitude distribution in a few 
standard horn designs: step, exponential, and catinodial [2.2]. In changing the shape 
of the horn, it is possible to change the stress distribution within the horn as well as 
its amplitude gain. After design of any horn, an FEM analysis is needed ensuring the 
desired resonance frequency.  
 
 
Fig. 2.3: Amplitude and stress distribution in ultrasonic horns of different geometries 
[2.2]. 
2.3 Physics of the Process 
Ultrasonic welding is a complex process that can be deviled into six distinct sub-
processes [2.4]: 
1. Mechanics and vibrations of the parts, 
2. Viscoelastic heating of the thermoplastic, 
3. Heat transfer, 
4. Flow and wetting, 
5. Intermolecular diffusion, and  
6. Cooling and re-solidification. 
In the first, mechanics and vibrations model of the parts, the fixture, and the welder 
determine the strain distribution within the components and the faying surface. From 
the strain distribution, it is possible to derive the heating that results in the parts. In 
order to form a good weld, rapidly, it is necessary to concentrate the ultrasonic ener-
gy at the weld zone. Therefore a so-called energy director, which has a V shape 
protrusion on the surface, has to be introduced for welding the part. (Figure 2.4). 
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Fig. 2.4: Examples for energy directors. 
 
Viscoelastic heating of a polymer can be understood by examining the mechanical 
behavior of these materials. Polymers exhibit a viscoelastic behavior, i.e., they 
behave as a combination of an elastic material and a viscous material. In viscoelastic 
materials a part of the energy input is recovered while the rest of the energy is 
dissipated. Therefore, for a viscoelastic material the dissipated energy will result in 
heating and melting of the polymer during ultrasonic welding.  
The mechanical behavior of a viscoelastic polymer is represented in the form of a 
complex dynamic modulus [2.2]: 
EiEE ′′+′=*      (2.1) 
Where E ′  is the storage modulus and represents the ability of the material to store 
energy like an elastic material. E ′′  is the loss modulus and represents the ability of 
the material to convert mechanical energy into heat like a damper. One might also 
use the loss tangent (tan δ) to represent this behavior as a ratio, 
E
E
′
′′=δtan       (2.2) 
For most metals, the loss tangent is around 0.001 or less while for polymers it is in 
the range of 0.001 to 0.5. Therefore, polymers can dissipate a significant amount of 
energy during ultrasonic vibration. The average internal heat generation ( avgQ& , 
energy dissipated per unit time and per unit volume) is [2.1] 
2
2
0εωEQavg ′′=&      (2.3) 
where ω is the operation frequency and 0ε  is the strain amplitude, which in most 
cases is directly proportional to the vibration amplitude. Unfortunately, the dynamic 
loss modulus of the polymer is both frequency and temperature dependent and it is 
very difficult to measure at the excitation frequency of an ultrasonic assembly. 
Two important factors that affect the speed of welding are heating rates and heat 
transfer. They also influence the welding thickness of the melt of the softened layer. 
Typically, the mechanical internal heating methods generate the fastest heating rates 
and have the shortest cycle time, and thinnest melt or softened layers from the 
polymer parts. However the heat transfer during welding is also important because it 
will manipulate the ratio of melting and also the size of the molten or softened layer. 
The temperature distribution in the solid as a function of position and time is given by 
the following relation [2.1]:  
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛
⋅⋅−⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅⋅−⋅
⋅⋅+=
tk
xerfcx
tk
xtkq
itx 224
exp2
2
0
),( πλθθ
&
  (2.4) 
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where θ is the temperature, x is the position, t is time, θi is the initial temperature of 
the solid, 0q& is the heat flux at the surface, λ is the thermal conductivity, k is the 
thermal diffusivity, and erfc(z) is the complementary error function. Equation 2.4 can 
be used to estimate the temperature distribution for a number of welding processes.  
Fig. 2.5 shows a picture from an infrared camera during the welding process of two 
polypropylene sheets, 1 mm in thickness, at welding times of 1 to 4 seconds [2.5]. 
This picture shows the temperature generated at the surface between two polymer 
sheets and thermal diffusion into the polymer in longitudinal direction. 
 
Fig. 2.5: Temperature rises measured using a thermo-tracer at cross sections of two 
lapped 1.0-mm-thick polypropylene sheets [2.5]. 
2.4 Hot embossing 
Polymer hot embossing for the fabrication of micro electro mechanical systems 
(MEMS) has been developed for decades [1.6]. The first step in hot embossing is 
heating the mold and the thermoplastic near to the glass transition temperature (cf. 
Fig. 2.6(a)). The mold is evacuated and pressed into the softened polymer (Fig. 
2.6(b)). Thus the thermoplastic adapts to the micro structures of the mold. Mold and 
thermoplastic are then cooled bellow the glass transition temperature to harden the 
thermoplastic.  
 
 
 
 
 
(a) (b) (c) 
Fig. 2.6: Hot embossing process: (a) a thermoplastic film is inserted into the molding 
machine, (b) the molding tool is evacuated and heats up the polymer above its 
softening temperature, and (c) the polymer is cooled down and demolded. 
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Finally the thermoplastic film is removed from the mold (cf. Fig. 2.6(c)). The mold can 
be reused many times, depending on its mechanical strength. The mold can be 
produced of any kind of material that can sustain the elevated temperatures and 
pressures used in hot embossing. Both silicon and metals are used as molds for hot 
embossing of plastic microstructures. The hot embossing process of course depends 
strongly on the chosen thermoplastic, because different thermoplastics have different 
flow properties, different thermal expansion coefficients, and different glass transition 
temperatures. Each type of polymer requires its own temperature and pressure 
settings to optimize the hot embossing process.  
Compared to injection molding hot embossing machines are build up very simple. 
The thermoplastic material used for molding can be exchanged from one working 
cycle to the next one without any changes and waiting times. Therefore, hot 
embossing makes the production of small and medium scale series economically 
more efficient and is especially suited for laboratory applications [1.6]. However the 
over all size of polymer production is limited because of shrinkage.  
Despite the advantages of hot embossing, thermal cycling of the entire molding tool 
results in long cycle times from a few minutes up to 30 minutes. This limits the 
application of hot embossing in large scale production. On the other hand the 
investment costs of a hot embossing machine are higher than 100.000 € limiting its 
use for small enterprises and small scale production. 
2.4.1 Hot embossing molded interconnect devices (MID) 
Molded interconnect devices (MID) are electrical conductor paths inside of a polymer 
housing. The circuit tracks are integrated into the hosing as a substitute for a 
conventional printed circuit board. There are many fabrication technologies of MID 
e.g. injection molding behind a thin film carrying conductor paths, insert molding, 
laser structuring (additive and subtractive) and hot embossing [2.6,2.7]. 
Hot embossing is a fast and economic process for the production of MID. The layout 
of an electronic circuit is milled into a molding stamp. A copper foil which has an ad-
hesion layer on one side is placed on the housing (cf. Fig. 2.7(a)). With a suitable 
press equipment the foil is pressed on the housing at an increased stamp 
temperature (Fig. 2.7(b)). The conductor lines are punched out and connected with 
the thermoplastic substrate. The remaining foil is removed (Fig. 2.7(c)). Afterwards 
there remain only circuit lines on the substrate (Fig. 2.7(d)).  
 
 
 
 
 
 
 
 10 
              
                    (a) (b) 
   
                   (c) (d) 
Fig. 2.7 Hot embossing molded interconnect devices: (a) a copper foil is placed 
between polymer housing and molding stamp, (b) the molding stamp is pressed 
down and heats up the copper foil, (c) unwanted copper foil area is removed 
mechanically, and (d) copper lines remain on the housing. 
2.5 Ultrasonic hot embossing 
The largest problem of conventional hot embossing is the large cycle time which is 
due to the need to heat up and cool down not only the polymer being molded but the 
entire tool. Many works try to improve the cycle time of hot embossing by adopting 
various heating methods including direct fluid heating [2.8], induction heating [2.9], 
laser, and infrared heating [2.10].  
Ultrasonic hot embossing has been introduced since 2005 [1.9,1.10]. The ultrasonic 
energy is converted into heat through the intermolecular friction and surface friction 
within a few seconds. This is shorter than most of the other fast heating methods, 
because the heat is limited to the molded micro structures. A polymer film is placed 
between a micro patterned tool and an ultrasonic horn (Fig. 2.8). Heat is generated 
by ultrasonic vibrations where protruding micro structures of the tool touch the film. 
As a result, the polymer is molten locally and adopts the inverse form of the micro 
patterns on the tool. This technique allows micro hot embossing of polymers or parts 
of larger polymer pieces in a few seconds. 
 
 
Fig. 2.8: Ultrasonic hot embossing schematically. 
Ultrasonic vibration heating can provide an effective way of heat generation to hot 
emboss the precise structure onto the surface of a large plate. Potential advantages 
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of ultrasonic hot embossing include the speed of production and easy handling of the 
parts compared to micro injection molding.  
2.6 Micro molding tool 
Before a micro structure is fabricated by molding techniques, a molding tool needs to 
be manufactured. The molding tool needs to be rigid enough to withstand the forces 
acting on it and the temperatures generated during the process.  
There are many techniques to fabricate the tool. A tool can be made by wet or dry 
etching of silicon or glass, it can be made from metals by electroplating into a 
photoresist or even form polymers with a high glass transition temperature, and also 
can be made by direct mechanical micro milling. Table 2.3 shows a list of fabrication 
techniques of micro molds. 
Table 2.3 Fabrication techniques of micro molding tools 
Fabrication metrology Fabrication techniques 
Wet etching Silicon bulk micromachining Deep reactive ion etching (RIE) 
Micro EDM 
Excimer laser Mechanical micromachining 
CNC machining 
Deep UV Lithography X-ray exposure (LIGA) 
Ion beam machining  
Photodefinable glass  
E-beam machining  
Every method of tool fabrication has its limitations. For example the milling heads can 
not be made with a diameter of less than 50 µm and the resolution of milling 
machines typically is in the micro meter range. On the other hand it is difficult to 
manufacture three-dimensional micro structures with lithography. 
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 Chapter 3 
Experimental methods 
 
In this chapter the experimental methods are described which were employed for 
ultrasonic hot embossing and ultrasonic welding. The process parameters and 
limitations of embossing have been investigated. Beside this, ultrasonic hot 
embossing was adapted to fabricate molded interconnect devices (MID). 
3.1 Ultrasonic micro hot embossing  
Ultrasonic vibrations introduce heat where protruding micro structures of the tool 
touch a polymer film. The polymer film is micro patterned by locally melting with 
ultrasound and molding from a master tool. In this experiment, three ultrasonic 
machines were used; 20 kHz, 35 kHz and 75 kHz from Rinco Ultrasonic AG. 
Ultrasonic horns of 20 kHz and 35 kHz were a rectangular planar horn with a contact 
area to the work piece of 60 x 44 mm2. The horn of 70 kHz was a catinodial horn 
which has 25 mm diameter contact area.   
Ultrasonic hot embossing can be distinguished into five phases; the pre-process, the 
force build up, the transient phase, the cooling phase and the de-molding phase (cf. 
Fig. 3.1). 
 
Fig. 3.1: Ultrasonic molding process: (A) pre-processing phase, (B) force build up 
phase, (C) transient phase, (D) cooling phase, and (E) de-molding phase. The travel 
of the ultrasonic horn, the force applied, and the ultrasonic energy are shown as a 
function of time. 
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In the pre-process (Fig. 3.1(A)) polymer films are positioned between the horn and 
the metal tool. The horn is moving down and pressing the polymer films between the 
horn and the tool. 
In the force build up phase (Fig. 3.1(B)) pressure is applied until reaching a certain 
force trigger which starts the ultrasonic vibrations. In the third phase (Fig. 3.1(C)) 
heat is generated as a result of the friction between the surfaces and the intermole-
cular friction in the parts. Temperature increases until the glass transition tempera-
ture (Tg) is reached. Energy dissipation is concentrated at polymer parts which are in 
contact to the micro structure on the tool. Therefore, a thin molten polymer layer is 
generated next to protruding structures on the tool. The forces slightly drop in this 
phase because the polymer is softening. The melting polymer adapts to the metal 
tool. At a predefined depth the ultrasound is stopped and cooling and solidification of 
the polymer starts (Fig. 3.1(D)). After cooling the ultrasonic horn moves up to the 
original position and the molded polymer can be removed from the tool easily 
(Fig. 3.1(E)).  
Fig. 3.2 shows a cut through two polymer films after ultrasonic hot embossing. The 
ultrasound was generated with 35 kHz and an amplitude of 9 µm. The force applied 
on the films was up to 100 N. Ultrasound was generated for 300 ms and the cooling 
time was 500 ms. The dimensions of the grooves are 180 µm in depth and 100 µm 
in width. The bottoms of the grooves are smooth because they were formed by the 
surface of the tool. The top surfaces next to the grooves have round shapes 
because the polymer flow into the tool did not reach the bottom of the tool. 
 
 
Fig. 3.2: Cut through polymer films after ultrasonic hot embossing.  
 
3.1.1 The parameters of ultrasonic process 
Various processing parameters were studied in terms of their influence on the 
embossing parameters: ultrasonic frequency, amplitude, time, and force. By 
changing one of the parameters in each test, it is possible to understand the effect of 
each factor on the embossing results. The parameters amplitude, ultrasonic time, 
and pressure can be controlled by the controller of the ultrasonic machine. The 
frequency, however, is fixed in each machine. The vibration time, embossing time, 
embossing pressure, power, and energy are recorded automatically during each 
ultrasonic hot embossing or welding process.  
Besides the machine parameters, there are other factors which have influence on the 
embossing process. They are called environmental factors which are polymer type, 
dimension of the molding structure and polymer thickness. 
In the following the investigation of each parameter is described. For these experi-
ments a tool with a 25 mm long bar was milled into aluminum. On both ends of the 
bar there was designed a circular shape (see Fig. 3.3). The bar was 500 µm wide 
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and 500 µm high. The circular shapes at the ends of the bar had a diameter of 2 mm 
and in the middle a 100 μm deep hole with a diameter of 1.5 mm was milled. The 
structure was chamfered with 30˚ angle as shown in Fig. 3.3.  
 
Top view Side view 
Fig. 3.3: Structure dimensions on a testing tool. All dimensions are in mm. 
 
3.1.1.1 Frequency and Power of converter 
Polymer films from polypropylene, 250 µm in thickness, were molded with the tool 
shown in Fig. 3.3. Figure 3.4 shows the embossing depth as a function of ultrasonic 
time at 20 kHz and 35 kHz, respectively. The results show that with the 20 kHz 
machine a certain embossing depth is achieved in a significantly shorter time than at 
35 kHz. For both machines the same amplitude between 17.1 – 17.5 µm was preset. 
The difference in the ultrasonic time required for molding is not attributed to the 
different frequencies. A higher frequency at the same amplitude results in more 
ultrasonic energy absorbed by the polymer. The difference in molding speed is due to 
the fact that 1 kN was applied by the 20 kHz machine and only 250 N by the 35 kHz 
machine. This comparison, however, could not be made with the 70 kHz machine 
because the highest amplitude available is 3 µm only. 
 
 
Fig. 3.4: Embossing depth into a 250 µm thick polypropylene film as a function of 
ultrasonic time achieved with 20 kHz, 1 kN, and 17.5 µm amplitude and 35 kHz, 
250 N, and 17.1 µm amplitude. 
Figure 3.5 shows the energy required for embossing as a function of the embossing 
depth from the same experiment as in Fig. 3.4. This clearly shows that a larger 
embossing force is an advantage. 
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Fig. 3.5: Energy required for embossing into a 250 µm thick polypropylene film as a 
function of the embossing depth achieved with 20 kHz at 1 kN and 35 kHz at 250 N. 
However, the experiments revealed that the ultrasonic machine working at 20 kHz is 
not suitable to generate a micro structure in a thin polymer film. The polymer layer 
was torn during the process because the machine produces too high force to mold a 
thin film. 
3.1.1.2 Ultrasonic Time 
Molding depth into a 250 µm thick polypropylene film as a function of the ultrasonic 
time for the 70 kHz machine at a force of 50 N and an amplitude of 3 µm is shown in 
Fig. 3.6. In this case for each measurement point an own experiment was performed 
by varying the ultrasonic time from 0.1 s to 2 s. The results indicate that a certain 
ultrasonic time is needed to achieve the maximum molding depth. In this graph, an 
ultrasonic time of about 0.5 s is needed to achieve an embossing depth of 160 µm. 
However, further ultrasonic times do not increase the depth. 
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Fig. 3.6: Welding travel achieved in 250 µm thick polypropylene as a function of 
welding time at 70 kHz, 3 µm amplitude and 50 N. 
On the other hand when the ultrasonic time is extended too much over molding travel 
saturation, it causes cracking on the polymer, because polymer is softened during 
long vibrating times. Therefore it is concluded that welding time should not exceed 
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more than 160 % of the saturating time. E.g., if the time of welding travel saturation is 
0.5 s, the welding time should not exceed 0.8 s. 
3.1.1.3 Embossing Force 
The embossing depth into a polypropylene film, 250 µm in thickness, was measured 
as a function of time by the 70 kHz machine at forces of 33, 42, and 50 N. Five mea-
surements were performed for each parameter set and mean and standard devia-
tions are shown in Fig. 3.7. It appears to be evident that higher force corresponds 
both to earlier reaching the saturation and a deeper embossing depth. Besides this, it 
needs to be considered that the molding zone is destroyed at too high forces. E.g. a 
250 µm thick PP layer should not be formed at more than 50 N by 70 kHz with a 
metal tool with 500 µm width and 15 mm length. The embossing by 20 kHz and 35 
kHz had shown similar results.  
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Fig. 3.7: Welding travel into 250 µm thick polypropylene as a function of welding time 
and pressure at 4 µm amplitude and 70 kHz. 
3.1.1.4 Amplitude 
The amplitude is the most significant factor to transform vibration energy to heat 
energy as show in equation 2.3. The experiments also prove this theory. 
Figure 3.8 demonstrates the effect of the welding amplitude on the embossing depth 
into 250 µm thick polycarbonate (PC) as a function of time at 35 kHz. The graph 
shows that higher amplitudes result in shorter saturation times and deeper emboss-
ing depth. Into 250 µm thick PC no micro pattern could be formed at an amplitude of 
17.16 µm. 
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Fig. 3.8: Welding travel into 250 µm thick polycarbonate (PC) as a function of time 
and the amplitude of the ultrasonic vibrations at 35 kHz and 248 N force. 
 
3.1.2 Related factors in process 
Out of the parameters that are controlled by the machine, there are other factors 
which influence the molding result. In the flowing the polymer type, dimension of 
molding structure, and thickness of the polymer film have been investigated.  
3.1.2.1 Polymer type  
The heat energy which is converted from mechanical vibration has two sources: the 
friction at the interface between different parts and the damping of the materials. The 
damping of materials or internal friction is a property of the polymer used. Eight ther-
moplastic polymers were compared: poly methyl methacrylate (PMMA), polycarbo-
nate (PC), polystyrene (PS), polypropylene (PP), polyvinylidene difluoride (PVDF), 
polyetheretherketone (PEEK), low density polyethylene (LDPE), and methyl meth-
acrylate butadiene acrylonitrile styrene (MABS). Some properties of these polymers 
are shown in Table 3.1. 
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Table 3.1: Properties of different polymers [3.2-3.4].  
Polymer 
 
Glass 
transition 
temperature  
(Tg) 
[°C] 
Thermal 
conductivit
y 
[W/m·K] 
Density 
[g/cm³] 
Tensile 
modulus 
[GPa] 
Polymer type 
PMMA 105-110 0.19 1.15 - 1.19 1.38 - 3.30 Amorphous 
PC* 143-152 0.18 - 0.21 1.20 - 1.26 1.79 - 3.24 Amorphous 
PS* 150 0.10 - 0.13 1.05 2.3-4.1 Amorphous 
PP 105 0.1-0.13 0.895-0.912 1.515 Semi crystalline
MABS 105 0.17 1.08 2 Semi crystalline
PEEK* 250 0.25 1.26-1.32 3.7 - 4.0 Semi crystalline
LDPE* 90 0.33 0.92 1.0 - 3.0 Semi crystalline
PVDF* 135 0.1 - 0.25 1.76 1.0 - 3.0 Semi crystalline
* PS, PEEK, LDPE, and PVDF were provided from Goodfellow. 
Four Polymers; PP, MABS, PC, and PS, 250 µm in thickness, were embossed with 
the same molding parameters at 35 kHz, 100 N force, and an amplitude of 9 µm. The 
tool used in this experiment was the one shown in Fig. 3.3. The embossing depth 
was recorded as a function of ultrasonic time. The experiments of five samples in 
each parameter were performed. The measurement results of mean value and 
standard deviation are shown in Fig. 3.9 and Fig. 3.10. Embossing of semi crystalline 
polymers is represented by PP and MABS in Fig. 3.9 and for amorphous polymers by 
PC and PS in Fig. 3.10.  
Figure 3.9 shows a comparison of embossing depth and time between PP and 
MABS. The results show that PP is embossed faster than MABS during starting time 
until 400 ms. This effect may be attributed to the lower thermal conductivity of PP 
compared to MABS. According to Table 3.1 PP has a thermal conductivity of 0.13 
Wm/K while MABS has 0.17 Wm/K. Similar results are found in the comparison of PC 
and PS in Fig. 3.10. Embossing of PS was faster than PC while PS has lower 
thermal conductivity than PC. This observation shows the same tendency as 
equation 2.4 that the thermal conductivity during molding manipulates the rate of 
melting.  
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Fig. 3.9: Embossing depth and ultrasonic time of the semi crystalline polymers PP 
and MABS with a tool, 500 µm in width and 25 mm in length into polymer films 
250 µm in thickness.  
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Fig. 3.10: Embossing depth and ultrasonic time of the amorphous polymers PS and 
PC with the same tool as in Fig. 3.9.  
The embossing time of PP and MABS can reach the depth of 160 µm and took     
400 ms of ultrasonic time. On the other hand embossing time of PS and PC needs 
much longer ultrasonic time to emboss. I.e, PS needs 1350 ms to reach the depth at 
180 µm and PC needs 1800 ms to reach the depth of 80 µm. This may be attributed 
to the fact that PS and PC have higher glass transition temperatures than PP and 
MABS. According to Table 3.1, PP and MABS have a glass transition temperature 
(Tg) at 105°C and PS and PC have at approximately 150°C. Therefore more energy 
is needed to soften PS and PC.   
The stiffer a material is, the more ultrasonic vibrations are transmitted from the horn 
through the plastic. The rigid amorphous thermoplastics have a random molecular 
structure and transmit ultrasonic vibrations very efficiently [2.1]. In this case, the heat 
is generated more by the friction at the surface between polymer and tool. Crystalline 
thermoplastics have a very orderly molecular structure, which absorbs mechanical 
energy in the solid state. This makes its difficult to transmit vibrations from the horn 
through the polymer [2.1]. Crystalline polymers can absorb more heat than 
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amorphous ones, therefore; the heat can be generated by crystalline polymers more 
than amorphous polymers.  
Fig. 3.11(a) and 3.11(b) show photos of the surface of embossed PP and PC films, 
both 250 µm in thickness. The embossing of both films achieved the same depth of 
150 µm. PP was embossed in 350 ms ultrasonic time and PC in 2 s.   
(a) 
 
(b) 
 
Fig. 3.11: Top view of embossed polymer films with 150 µm depth by 35 kHz, 100 N 
force, and an amplitude of 9 µm; (a) PP, embossing time 350 ms, (b) PC, embossing 
time 2 s. 
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Fig. 3.12: Embossing depth into 500 µm thick PP and PMMA films by 35 kHz, 100 N 
force, and an amplitude of 9 µm as a function of ultrasonic time. 
Figure 3.12 shows the results of embossing amorphous PMMA and semi crystalline 
PP, both 500 µm in thickness. PP is embossed 100 ms quicker than PMMA. This 
may be attributed to the larger thermal conductivity, density and tensile modulus 
shown in Table 3.1 but may also be partly due to the fact that PMMA is amorphous 
and PP is semi crystalline.  
The polymer films from PP, MABS, LDPE, PVDF, PMMA, PS and PC were molded at 
35 kHz, 100 N force and 9 µm amplitude with the same tool shown in Fig. 3.3. Fig. 
3.13 demonstrates the required molding energy for achieving a depth of 150 μm. The 
polymers are divided in two groups: semi crystalline and amorphous. The results 
show that the semi crystalline polymers group PVDF required highest molding energy 
and PP required lowest energy. PP and MABS differ only slightly in the energy 
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required. In the amorphous polymers group PC required highest molding energy and 
is followed by PS and PMMA, respectively.   
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Fig. 3.13: Embossing energy required to mold 150 µm deep into a 250 µm thick film 
with a width of 500 µm and a length of 25 mm, at 35 kHz with an amplitude of 9 µm 
and a force of 100 N as a function of the polymer type. 
Semi crystalline polymers absorb more ultrasonic energy than amorphous ones, in 
general. The mechanical internal heating methods generate the fastest heating rates 
[2.2]. Beside this, other parameters have to be considered also, e.g. the glass 
transition temperature, heat capacity, heat conductivity, and Young’s modulus. Table 
3.2 shows the molding results from different machine and polymer types. 
Only PMMA and most semi crystalline polymers turned out to be suitable for forming 
with the 70 kHz machine. More over, all investigated polymers could be formed well 
with the 35 kHz machine. On the other hand, with the 20 kHz machine none of the 
polymers could be successfully formed because the machine provides too high pres-
sure to mold a film. The molding of PEEK, 250 µm in thickness, both at 35 kHz and 
70 kHz was not successful. The structure could not be molded even at the highest 
power that the machine can provide. The glass transition temperature of this material 
is too high and probably could not be reached. 
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Table 3.2: The possibility of forming as a function of polymer type. 
Polymer 20 kHz 35 kHz 70 kHz 
PMMA + ++ +/- 
PC + ++ -- 
PS + ++ -- 
PP + +++ +/- 
MABS No data +++ +/- 
PEEK No data -- -- 
LDPE No data +++ +/- 
PVDF No data +++ +/- 
+ : the micro structure can be formed but can not be used in welding process,  
++ : good for forming and welding process,  +++ : very good forming,  
+/- : the micro structure has a good form only at 250 µm thick polymer films, 
-- : no micro structure could be formed in the polymer, No data: no experiment.  
3.1.2.2 Dimensions of molding structure 
In this study the width of bars on tools were varied from 100 µm to 1 mm. Fig. 3.14 
shows the dimensions of the bars in this study. The bars with a width between 
0.5 mm and 1 mm were 500 µm high. The other bars showed a 1:1 aspect ratio. All 
bars were 15 mm long. 
 
 
 
 
Top view 
      
 
Side view 
        
Fig. 3.14: The tools for studying the dimensional effect. All dimensions are in mm. 
PP films with a thickness of 250 µm were employed. Embossing parameters were 
70 kHz, an amplitude of 3 µm, and three embossing forces: 33 N, 42 N, and 50 N. 
Fig. 3.15 (a) to (e) show the results of these experiments. 
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(a)        (b) 
 
       
(c)              (d) 
 
        (e) 
Fig. 3.15: Embossing depth of micro bars into PP films, 250 µm in thickness, as a 
function of ultrasonic time at 70 kHz and an amplitude of 4 µm. Width of the bars: (a) 
100 µm, (b) 200 µm, (c) 500 µm, (d) 750 µm, and (e) 1000 µm. 
Two conclusions are drawn: the first is that the broader the bars are the more force is 
required to achieve a certain depth and there are also narrower embossing depth 
(Fig. 3.16 (b) to (e)). E.g. the 500 µm wide bar achieved saturated depth at 
approximately 200 µm and the 1000 µm bar achieved at 120 µm with the same 
generated force. The 1 mm wide bar can not be molded by a force of 33 N and 42 N. 
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Fig. 3.16: The average depth of grooves in 250 µm thick PP as a function of the width 
of the bar on the tool and the force pressing the polymer onto the tool at 70 kHz and 
3 µm amplitude.  
Figure 3.16 shows the average depth of the grooves embossed into the 250 µm thick 
PP as a function of the width of the bar on the tool and the force applied. The results 
confirm that larger forces and/or ultrasonic amplitudes are required when micro 
structures with a larger faying surface are to be molded. 
3.1.2.3 Thickness of polymer films  
The effect of polymer thickness has been studied with PP at thicknesses of 150 µm, 
250 µm, and 500 µm. The tool shown in Fig. 3.3 was employed for embossing down 
to 100 µm at 35 kHz, 100 N force and 9 µm amplitude. The embossing energies at 
different polymer thickness are illustrated in Fig. 3.17. The results demonstrate that 
at the same embossing depth, thicker polymer films require higher molding energy.  
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Fig. 3.17: Embossing energy as the function of structure dimension and polymer film 
thickness (PP) of 150 µm, 250 µm and 500 µm with 35 kHz, 100 N force, 9 µm 
amplitude, and 100 µm molding depth. 
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3.1.3 Single and double layer embossing 
So far ultrasonic hot embossing was applied to one layer of a polymer only. Single 
layer ultrasonic hot embossing is shown schematically in Fig. 3.18. This way, the 
heat is generated from two sources: the friction between polymer surface and metal 
tool and the internal friction in the volume of the polymer. The temperature rises up to 
the softening point and the horn is pressed down. Therefore the softened polymer 
flows out and forms a kind of knoll around the micro structure on the tool. Fig. 3.19(a) 
and (b) show a cut through a polymer film of the same embossing channel. Beside 
this, the knoll formation is not uniform and develops an irregular form.  
 
 
Fig. 3.18: Cross section diagram of ultrasonic hot embossing single side polymer 
film. 
 
 
    
   (a)      (b) 
 
Fig. 3.19: Cuts through a single polymer layer of the same embossed channel show 
uniformity of softened polymer between (a) and (b).  
It turned out to be advantageous to employ two polymer films for molding instead of 
a single one, because heat is generated symmetrically between the two layers [2.5] 
which are joining during the molding process. Fig. 3.20 shows schematically a view 
of embossing of double polymer films. When two polymer films of the same material 
are used for ultrasonic hot embossing, most heat is generated at the surface where 
the two layers touch each other. As a consequence, the molten polymer flows into 
the gap between the layers. Fig. 3.21 shows a cut through double films after em-
bossing.  
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Fig. 3.20: Schematic cross-section of embossing a double polymer film. 
 
Fig. 3.21: Cut through a double polymer film after embossing. 
To study the difference of single and double film embossing a protruding T-shaped 
structure was milled on a tool and PP films, 250 µm in thickness, were employed for 
single and double film embossing. The structure on the tool was 500 μm wide, 
500 μm high, and at the end of the arms of the T circles had been milled similar to 
those shown in Fig. 3.3 with a diameter of 1 mm. The T-shape structure was cham-
fered with 30°. For both single and double film embossing the same parameters 
were used: 35 kHz, 100 N, 9 µm amplitude, and 150 µm molding depth. Top view 
photos of embossed single and double films are shown in Table 3.3. Double polymer 
films show smoother edges of the embossed grooves.  
Table 3.3: Top view of single and double polymer films embossed at 35 kHz, 100 N, 
9 μm amplitude, and 150 μm molding depth with T-junction structure. 
 Single polymers film Double polymer films 
T-junction 
  
Round 
shape 
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3.1.4 Ultrasonic hot embossing on two sides 
A micro structure was milled into the contact surface of the horn and another micro 
structure was milled into an aluminum tool (see Fig 3.22(a)). The tool was aligned to 
the structure on the horn. Ultrasonic and force were applied (see Fig. 3.22(b)). Thus, 
micro patterns were generated on both sides of the polymer film.  
 
 
Fig. 3.22: Two sides ultrasonic hot embossing. 
Ultrasonic hot embossing on both sides was demonstrated by manufacturing a corru-
gated membrane. Corrugations in a membrane are well known means to stiffen this 
structure element. The deflection of a corrugated membrane is smaller, more linear 
as a function of the pressure drop and less sensitive to changes of the residual stress 
[3.5, 3.6]. 
In the tool three 500 µm high protruding and 500 µm wide rings had been milled. The 
structures were chamfered with 30°. Therefore the upper width was reduced to 
200 µm. The outer ring was 17 mm in diameter and the distance between the rings 
was 500 µm. On the horn two protruding rings were milled, the outer ring with a dia-
meter of 16 mm, and height and distance from each other are the same as on the 
tool. The structure on the horn was aligned with respect to the tool. 
A 250 µm thick film from polypropylene (PP) was placed between tool and horn. Two 
additional polymer layers from polyethylene (PE), 150 µm in thickness throned out to 
be neassary which were arranged below and above the PP and were peeled off after 
embossing without the PE layers the PP was destroyed at the edges of the tool and 
horn. The corrugations were hot embossed 250 µm deep in 600 ms with the 35 kHz 
machine with 160 Ws at 50 N force. The solidification time was set to 500 ms. A cut 
through a corrugated membrane and an entire membrane are shown in Fig. 3.23. 
Figure 3.24 shows the SEM photo of the cut through the corrugated membrane.  
 
 
Fig. 3.23:  Photo of a cut through a polypropylene membrane corrugated by two side 
ultrasonic hot embossing. 
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Fig. 3.24: SEM photo of a cut through a corrugated membrane. 
 
3.1.5 Ultrasonic hot embossing by horn structures 
So far ultrasonic hot embossing has shown embossing by one side from structures 
on the tool and also embossing on two sides from tool and horn. However one side 
embossing form structures on the horn has not been investigated. Therefore, one 
side embossing with similar embossing structures on the tool and on the horn was 
compared also. The ring structures which described in chapter 3.1.4 were used for 
these experiments on the tool and the horn, respectively. Embossing of PP 250 µm in 
thickness was employed by as show in Fig. 3.25.    
 
 
    (a)      (b) 
Fig. 3.25: Embossing by different position of structure; (a) structure on the horn, and 
(b) structure on the tool. 
For both molding processes the same parameters were used: 35 kHz, 9 µm 
amplitude, 100 N force and 150 µm molding depth. Table 3.4 shows a photo of the 
films after embossing from horn and tool, respectively. Embossing of the PP film by 
the structure on the horn required 12 Ws. On the other hand, embossing by the 
structure on the tool needed 30 Ws energy. 
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Table 3.4: Embossing 250 µm thick PP films with 35 kHz, 9 µm amplitude, 100 N 
force and 150 µm depth by a structure on the horn and structure on the tool, 
respectively.  
Embossing 
with Top view of embossed films Zoom view 
 
 
 
 
Horn 
  
 
 
 
 
Tool 
 
The embossed film with structures on the tool had a molten area at the center of the 
diaphragm. On the other hand, the film molded with the structure on the horn showed 
no such area. The melting of polymer at the middle closed area is called 
diaphragming effect. Diaphragming occurs when a closed area or a relatively flat and 
thin component is welded to another component [2.2]. The whole polymer film is 
vibrating and at the center of the closed area where heat is generated which is 
melting the polymer.  However, if the structure on the horn is used, that effect does 
not appear. This is, because only a small area at the protruding structure vibrates 
and the other side of the polymer film is supported by the flat counter plate. Therefore 
the center of the film is vibrating only a little bit and is not melting. It may be 
concluded that the diaphraging effect can be avoided by molding with a structure on 
the horn.  
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3.2 Ultrasonic welding  
After a micro channel has been fabricated by ultrasonic hot embossing, it can be 
sealed by ultrasonic welding with another polymer layer on top. For welding a milled 
tool from aluminum with another design was used (cf. Fig. 3.26(a)). The tool needs a 
sharp edge around the channel to be closed because it should melt only a small 
polymer volume. 
 
 
Fig.3.26: Ultrasonic welding: (a) A 150 µm thick polypropylene film was inserted 
between the molded polymer and the metal tool, (b) ultrasonic and force are applied 
on the polymer films, (c) after holding time, the channel was closed, and  easily 
removed form the mold. 
The outer slope of the protruding structure was 60°. The width of the top was less 
than 100 µm. A PP film, 150 µm in thickness, was inserted between the welding tool 
and the polymer films with the hot embossed groove. Ultrasound and pressure were 
applied on the films (see Fig. 3.26(b)). Because of the heat generated at the protrud-
ing structures the polymer got soft and joined the two layers together. After cooling 
time the polymer got solid again and the channel was sealed. Fig. 3.27 shows the cut 
through a molded channel after ultrasonic welding of a 150 thick PP film.  
 
 
Fig. 3.27: Cut through a channel enclosed by ultrasonic welding with a 150 µm thick 
PP film with 35 kHz, 9 µm amplitude, and 50 N for 200 ms. 
The control of welding depth is most important in this process. It turned out to be 
necessary to weld 225 - 300 µm deep into the enclosing film. This is 150 - 200 % of 
its thickness. The welding depth was controlled by the machine. After a cooling time 
of half a second the polymer got solid again and the channel was sealed. Larger 
welding depth may result in damaging and blocking the channel. 
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3.3 Limitation of the process. 
In flowing the limitations of ultrasonic hot embossing have been described; filling of 
tool, surface of embossed structures, and leakage test of channels. 
3.3.1 Mold filling  
The filling of high aspect ratio cavities in the molding tool was investigated with 
another tool. A 500 µm high bar with lateral dimensions of 1.5 X 12 mm² was milled 
first. Then, into the top of that bar 250 µm wide grooves were milled perpendicular to 
the bar over its full width. The width of the grooves could not be made narrower, 
because it was limited by the diameter of the milling head available. Fig. 3.28 shows 
the result of a measurement with a surface profilometer of both the tool and the 
polymer film after ultrasonic hot embossing. The depth of the grooves was varied be-
tween 20 µm and 100 µm. Double PP films, both 250 μm in thickness, were ultrasoni-
cally hot embossed at 70 kHz at 22 Ws with a pressure of 42 N in 2.35 s. Only the 
corners and the deeper grooves were not filled completely. 
 
Fig. 3.28: Surface profile of metal tool and polymer after ultrasonic micro molding at 
70 kHz, 42 N force and within 2.35 s embossing time. 
 
 
Fig. 3.29: Surface profile of metal tool and polymer after ultrasonic micro molding at 
35 kHz, 200 N force and within 280 ms embossing time. 
The experiment was repeated with an increased force of 200 N, and an ultrasonic 
welding machine working at 35 kHz that can provide higher force. PP films were 
embossed at 50 Ws with a pressure of 200 N in 280 ms. Fig. 3.29 shows the result of 
a surface profile of molding tool and molded polymer film. The polymer was filled into 
the bottom of the structure now.   
Molding with a small dimension tool has performed with a LIGA tool from 
Forschungszentrum Karlsruhe. There are two structures on the LIGA tool. The first 
structures are holes with 100 μm width and 100 μm height. Fig. 3.30 shows an optical 
photo of the first structured of the LIGA tool of first structure. Fig. 3.31 shows molded 
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double PP film, 150 μm thickness in each, at 35 kHz, 100 N force, and 120 μm 
molding depth. The ultrasonic embossing was performed at 17 Ws and 0.5 s holding 
time. The molding result shows that the molded polymer filled most grooves of the 
tool. However, there are two missing structures on the molded films. After 
investigation, it was found that the tool was blocked by the polymer from previous 
processes.  
 
 
Fig. 3.30: Optical photo under micro scope of LIGA mold. 
 
Fig. 3.31: SEM photo of polyproperlyen films molded from the  LIGA mold in Fig. 
3.30. Molding was performed at 35 kHz, 9.2 μm amplitude, 100 N, and 800 ms 
holding time.  
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Hollow structures with 100 μm height and width were filled by liquid polymer. Further 
more, the protruding structure on the LIGA mold which is 10 μm in width was forming 
a groove in the polymer.  
The other structure on the LIGA mold showed grooves 43 μm, 15 μm, and 10 μm in 
width and 100 μm in height. Molding results showed that at 43 μm width polymer can 
fill in the tool. However at widths less than 15 μm, molded polymer can not flow in the 
structure as seen in Fig. 3.32.  
 
 
Fig. 3.32: Molded polyproperlyen films form LIGA mold at 35 kHz, 9.2 μm amplitude, 
100 N force and 800 ms holding time.  
 
3.3.2 Surface of embossed structures  
The surface of polymer micro structures after embossing was investigated as a 
function of polymer type and embossing parameters. Four types of polymer films, 
250 µm in thickness, were embossed by the tool introduced in chapter 3.3.1: PP, 
MABS, LDPE and PVDF. Embossing was performed into double polymer films. Fig. 
3.33 shows photographically the surface of the embossed polymers under a micro-
scope. Polymer films were embossed 100 µm deep with 35 kHz at 100 N.  
Fig. 3.33(a) and (b) show scratches on the embossed surface which are due to mill-
ing of the tool. The height of these scratches was measured with a microscope to be 
between 1 and 2 µm. These scratches are present in PP and MABS films only but 
are not found in LDPE and PVDF.  
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(a) PP 
 
(b) MABS 
 
  
(c) LDPE (d) PVDF 
Fig. 3.33: Top view from microscope of PP, MABS, LDPE and PVDF after ultrasonic 
embossing with 35 kHz,  
These results show that filling of small structures is a function of the polymer 
employed and especially its glass transition temperature. LDPE and PVDF probably 
could show the details of scratches also if more ultrasonic power i.e. more amplitude 
would had been used. 
3.3.3 Leakage test  
After a channel had been enclosed by welding, a leakage test was performed. The 
channel was filled by capillary forces with colored water. Before welding, two orifices 
had been drilled into the top layer of the channel providing access to it. The tightness 
was observed by watching the channel. No leaks were found as shown in Fig. 3.34. 
 
 
Fig. 3.34: Leakage test of a microchannel. 
Besides this, colored water was delivered through the channel by a syringe pump 
from WPI at a flow of 50 ml/h. Again no water was observed leaking out of the 
channel.  
Which kind of leakage test is necessary is defined by the application of the channel. 
A channel for capillary electrophoresis (CE) requires the capillary force test only. A 
channel for a micro mixer or a flow sensor needs to be tested under pressure flow, 
and other applications may need a test at a certain pressure difference. 
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3.4 Molded interconnect devices 
MID are electrical conductor paths on polymer sub-strates which allow to connect 
electronic components like on a conventional printed circuit board. The layout of an 
electronic circuit is manufactured as a protruding micro structure on a molding stamp. 
A metal foil, possibly with an adhesion layer on one side, is placed on the substrate 
and pressed with the micro structured stamp onto the polymer substrate at an 
elevated temperature. The parts of the metal foile which are pressed on the polymer 
substrate by a protruding micro structure on the stamp are joined to the substrate. 
The remaining parts of the metal foil are mechanically removed.  
Investigations showed that MID can be generated by ultrasonic hot embossing also. 
It appears to be advantageous that only the part of the polymer which is in mechani-
cal contact to the protruding structures on the tool are heated and the rest of the 
polymer substrate remains to be unchanged. An aluminum film which has a polymer 
layer on one side is placed on the tool.  
On an aluminum film, 10 µm in thickness, an aqueous dispersion of a thermoplastic 
acrylic polymer Plextol B500 from PolyLatex was spin-coated approximately 50 to 
80 µm in thickness. The liquid polymer was dried in an oven at 35°C for 10 minutes. 
The thickness was reducing around 10-20 µm after dry. A cut through the aluminum 
film after depositing and drying the polymer is shown in Fig. 3.35. 
 
 
Fig. 3.35: Cut through an aluminum film, 10 µm in thickness, and polymer layer, 
80 µm in thickness.  
A 10 mm long, 700 µm wide, and 500 µm high bar was milled into the surface of the 
tool. From the middle of this bar a 100 µm deep and 500 µm wide stripe was milled 
out. Therefore, at the edge of the bar a sharp cutting edge, 100 µm in width and 
100 µm in height, was generated (cf. Fig. 3.36). The tool has two functions in this 
case: First, its protruding structures are used for generating heat by ultrasonic vibra-
tions. Therefore, the polymer layer on the metal film was welded onto the other poly-
mer sheet. Second, the structure is cutting the metal layer.  
  
Top view Cross section view 
Fig. 3.36: Top view and cross section of the tool employed for ultrasonic fabrication 
of MID.  
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It should be noted that the polymer coated on the metal film should not be thicker 
than 100 µm, because otherwise it prevents cutting by the tool and it becomes more 
difficult removing un-wanted areas (see below). 
The aluminum film was put on the tool with the polymer layer on the upper side 
(Fig. 3.37(a)). A 250 µm thick polypropylene sheet was placed above. Both films 
were fixed against lateral movement by an adhesive tape. Ultrasonic hot embossing 
was performed with the 35 kHz machine with a vibration amplitude of 12 µm and a 
force of 100 N within 3 s (cf. Fig. 3.37(b)). The aluminum film was cut by the edges 
on the tool. After a few seconds at a preset embossing depth the ultrasonic vibrations 
were stopped and the horn moved up. The un-welded areas of the aluminum film 
were removed by tweesers (Fig. 3.37(c)). Fig. 3.37(d) shows the remaining aluminum 
pattern on the polymer sheet. Fig. 3.38 shows the top view of a aluminum film mold-
ed by ultrasonic hot embossing on a polypropylene substrate and the cut through 
such films is shown in Fig. 3.39.  
 
 
Fig. 3.37: Ultrasonic hot embossing of MID; (a) a metal film coated with a 
thermoplastic resin and a thermoplastic substrate are placed between tool and horn, 
(b) pressure and ultrasonic energy are applied cutting out and welding metal lines, 
(c) not welded metal is mechanically removed, (d) the desired metal pattern remains 
on the polymer substrate. 
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Fig. 3.38: Top view of aluminum pattern after ultrasonic embossing under a 
microscope photographed.  
 
 
Fig. 3.39: Cut through an aluminum film molded by ultrasonic hot embossing on a 
polypropylene sheet.  
It turned out to be possible also fabricating conductor lines with a width of 50 µm (cf. 
Fig. 3.40). However, with the available milling machine it was not possible to gene-
rate cutting edges in this case. Therefore, just a bar had been milled with 50 µm 
width at the top and a chamfer of 30°.  
 
 
Fig. 3.40:  Cut through a 50 µm wide aluminum line molded by ultrasonic hot 
embossing on PP. 
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3.5 Discussion and conclusions  
 
Ultrasonic hot embossing is similar as hot embossing but the polymer is heated only 
locally, and, thus, less shrinkage may be expected which limits the patterning of large 
scale substrates with polymer micro structures. The following can be concluded: 
 
- Ultrasonic machines working at 35 kHz are most suitable for ultrasonic micro hot 
embossing on polymer films with a thickness of approximately 200 µm. The 
70 kHz machine turned out not to provide sufficient energy. On the other hand, 
the 20 kHz machine provides too high energy which ruptures the polymer film. 
- The ultrasonic time has to be controlled. It should not exceed more than 160 % of 
the saturating time. Otherwise the polymer will cause cracking and burning.  
- Higher pressure can mold polymer deeper at the same other parameters. Beside 
that, with higher pressure also shorter ultrasonic times are required to reach a 
certain depth.  
- The amplitude of the ultrasonic vibrations is the significant parameter increasing 
heat power as shown in both theory and experiment.   
- PP and MABS need lowest embossing energy out of eight tested polymer types. 
The most significant parameter of the polymers is the glass transition tempera-
ture which needs to be reached to soften it.  
- The ultrasonic energy required for embossing is a function of the area of the 
faying surface of the protruding micro structures on the tool. The maximum depth 
of embossing is a function of the thickness of the film. Beside this, for a given 
depth of embossing thicker polymer films require higher molding energy. 
- It is advantageous to employ two polymer films for embossing instead of a single 
one. The molded channel shows smoother edges that way.  
- Embossing of enclosed structures is best when the molding structure is on the 
horn to avoid diaphragming effect. 
- The welding process is suitable when comparatively thin polymer films, 100 to 
150 µm in thickness, are employed. Thicker enclosing films need to be welded 
deeper and therefore more molten polymer may run into the channel. 
- Complete filling of the tool is achieved by longer holding times, higher ultrasonic 
energy and force.  
- Molding of small structures was achieved down to about 43 μm width. Structures 
smaller than 15 μm width can not be molded. On the other hand protruding 
structures on the tool down to 10 μm width were realized.  
- It has been shown also, that molded interconnect devices can be fabricated by 
ultrasonic hot embossing. Within a few seconds a metal layer is cut out and 
welded to a polymer substrate. The smallest line width which was achieved is 
50 µm. However, removing of the not welded metal areas becomes more 
laborious when the pattern is complicated and small. 
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Chapter 4 
Fabrication and testing of 
a chaotic micro mixer 
 
In micro fluidic systems the mixing of liquids is a major problem, because no tur-
bulent flows can be achieved which are typically employed for mixing in the 
macroscopic world. The only physical mechanism which can be used for mixing in 
micro technique is diffusion. When two liquids are fed into a capillary next to each 
other their laminar flow prevents an increase of the interface area between them. 
Therefore it is necessary to accelerate the mixing process. Many different micro 
mixers have been developed. They are grouped in active and passive micro mixers. 
Active micro mixers use an external energy to activate mixing for example 
acoustically induced vibrations or magneto hydrodynamic actuation [4.1]. On the 
other hand, passive micro mixers use only the energy of the flow and a special 
design facilitating mixing.  
The possibilities of ultrasonic hot embossing were investigated by manufacturing a 
passive chaotic micro mixer [4.2,4.3]. The principle is based on successive stretching 
and bending of fluid streamlines. If the succession of stretching and folding is done 
rapidly, at a time scale much smaller than that of diffusion, the time interval of the 
stretching and folding process may be neglected, and significant acceleration of 
mixing can be achieved [4.4, 4.5]. 
4.1 Chaotic micro mixer design 
The mixing of two liquids in a strait channel is enhanced very much if small ridges on 
one wall induce a partly transverse flow [4.6]. The ridges were made 20 µm high, 
250 µm wide, and orientated at an angle of 45° with respect to the channel direction, 
because the maximum transverse flow is achieved for this angle [4.6 - 4.7]. The 
height of the ridges can be small compared to the average height of the channel 
[4.6]. One end of the mixing channel was designed as a T-junction through which the 
liquids were fed in. The mixing channel is 500 µm wide, 100 µm high, and 25 mm 
long. The length of the channel covered by ridges was 20 mm long. Fig. 4.1(a) shows 
a top view design of the mixer channel and Fig. 4.1(b) shows the cross-section as a 
perspective view of the ridges structure along the mixing channel. 
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  (a)              (b) 
Fig. 4.1: The design of the chaotic micro mixer. (a) top view (all dimensions are in 
mm), (b) dimensions of the ridges in the mixing channel. 
 
4.2 Fabrication tools of the micro mixer 
The designs of an embossing tool and a welding tool were designed on a NCcad75 
version 7.5 CNC program from Max computer GmbH. The tools were milled into an 
aluminum alloy Al-Mg-Si plate with dimensions of 40 mm x 60 mm x 4 mm. For the 
micro mixer channels in form of a T-junction were designed (see Fig. 4.2). Two inlets 
were placed at the end of the T-arms which were 10 mm long and an outlet was 
designed at the end of the mixing channel, 25 mm in length. The embossing tool 
showed the inverse structure of the channels to be fabricated. The protruding T-
shape was 500 μm high and 800 µm wide and chamfered with 30˚ angle as show in 
Fig. 4.3. The upper part of the structure was 500 µm wide. 250 μm wide ridges were 
milled 20 μm deep into the top of the bar from which the mixing channel was to be 
made. They were oriented at an angle of 45° with respect to the direction of the bar. 
Four alignment marks in from of an L were milled into the aluminum tool also. 
 
Fig. 4.2: from Top view and cross section of the embossing tool. All dimensions are 
in mm. 
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Fig. 4.3: SEM of a part of the bar on the embossing tool from which the mixing 
channel was made. 
In the same way, the welding tool was designed and milled into an aluminum alloy 
plate. The structure on the welding tool presented an energy director near the 
circumference of the channel. The energy director needs to have a small faying area, 
because it shall melt only a small amount of polymer and weld the two layers 
together only locally. Experiments showed that the width of the energy director 
should be 100 µm or smaller. Such a narrow protruding bar could not be milled in the 
desired height of 500 µm. Therefore, the circumference structure was milled with a 
milling tool chamfered by 15˚. The distance between the energy directors on opposite 
sides of the channel to be closed was 800 µm. Two angle designs at a round shape 
of welding tool were tested at 130˚ and 150˚ angles. Fig. 4.4 shows two angle 
enclosing tools with difference angle of 150˚ and 130˚ respectively. The welding 
channel at 130˚ angle was blocked because of the narrow angel as show in Fig. 
4.4(b). Therefore the round shape of welding tool with 150˚ angle was selected for 
use [4.9]. The three round shapes at each end were made by 150˚ angle to enclosing 
channel. 
 
   
Fig. 4.4: Round shape in angle of (a) 150˚ angle and (b) 130˚.   
Fig. 4.5 shows the top view and cross section of the welding tool design.       L-
shaped alignment marks were arranged at the same positions and with the same 
dimensions as on the embossing tool (cf. Fig. 4.5 and 4.2). 
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Fig. 4.5: Top view and cross section of the welding tool. All dimensions are in mm. 
 
4.3  Ultrasonic hot embossing of the micro mixer 
Two polypropylene (PP) sheets, 250 μm and 150 µm in thickness, were hot 
embossed as a double layer with the micro mixer pattern by the ultrasonic 70 kHz 
machine. The embossing depth was aimed to be 150 µm. The depth of the channel 
can be varied by ultrasonic time, force, and the amplitude of ultrasonic vibrations. 
However, longer embossing times induce the melting of a side area on the polymer 
film. Therefore, it is useful to use a shorter ultrasonic time by rising up force and 
amplitude. Unfortunately, the 70 kHz machine is limited to an amplitude of 3 µm 
(corresponding to the maximum power of this machine). Thus, increasing embossing 
force is required to reduce ultrasonic time and achieving the molding depth as also 
shown in chapter 3.1.1.3.  Fig. 4.6 (a) to (c) show cuts through the channel 
embossed at 3.5 s by three difference forces: 17 N, 33 N, and 42 N, respectively.  
 
 
       (a)                            (b)                  (c)  
Fig. 4.6: Cut through PP films embossed at 70 kHz, 3.5 s, 3 µm amplitude and; (a) 17 
N, (b) 33 N, and (c) 42 N. 
It has been found that at short holding time the pattern at the mixing channel was not 
completely filled. Prolonging cooling time is significant to improve complete filling of 
the bottom structure. Fig. 4.7(a) and (b) show photos of molded mixing channels in 
the area of the ridge structures when the holding time was 2 s and 5 s, respectively. 
Both channels were molded at 70 kHz, with 3 µm amplitude and at 42 N. With 3 s the 
ridges on the tool were not completely filled while 5 s reduced this effect very much. 
However, increasing the holding time over more than 8 s has no significance on 
ridges.  
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(a) (b) 
Fig. 4.7: Photo of molded ridges structure at the mixing channel embossed into a PP 
double layer at 70 kHz, 42 N, 3 µm amplitude and (a) 2 s and (b) 5 s holding time, 
respectively. 
As a consequence of the results above, the embossing force was chosen to be 42 N 
and the holding time was fixed at 8 s. The ultrasonic horn has 25 mm diameter. As 
the horn size is smaller than the over all dimension of the mixer channel, the 
embossing has to be processed in two steps. First it was employed on the T-arms 
with the inlets parts. It was mold with an ultrasonic amplitude of 3 µm for 3 s, an 
ultrasonic energy of 25.4 Ws and a holding time of 8 s. With this molding parameters 
a molding depth of 150 µm was achieved.  
The second embossing step was the lower T-shape with the outlet part. A molding 
depth of 150 µm was achieved with an ultrasonic amplitude of 3 µm for 1.5 s, an 
ultrasonic energy of 16.5 Ws and a holding time of 8 s. The first embossing area was 
larger. Therefore, it needed larger molding power or longer embossing time. The 
alignment marks were molded together with the groove. Fig. 4.8 is an SEM of the 
molded mixing channel. 
 
 
Fig. 4.8: SEM of the molded polymer mixing channel. 
The entire process of embossing the channel is shown in Table 4.1. The manufactur-
ing time could be reduced even more by automatic loading and unloading the 
machine. Besides that, with a bigger horn diameter the channel could be molded in 
one step. However, the ultrasonic machine working at 70 kHz can not employ a 
larger horn as discussed in chapter 2.2. A larger horn can be used however with an 
ultrasonic machine working at a lower frequency.  
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Table 4.1: Process times of hot embossing the micro mixer channels.  
Process Operate by Time (s) 
Loading polymers to the tool Manual (2.0) 
Fix polymers position Manual (2.0) 
Ultrasonic horn move down Auto 1.0 
Force build up Auto 0.5 
Ultrasonic time: 
             First embossing at inlets area 
             Second embossing at outlet area 
 
Auto 
Auto 
 
3.0 
1.5 
Cooling time Auto 8.0 
Returning horn Auto 1.0 
Removing molded polymer Manual (2.0) 
 
4.4  Ultrasonic welding of the micro mixer 
After forming a channel in the surface of the polymer double layer, it was enclosed by 
ultrasonic welding of a 150 µm thick PP-film on top (cf. Fig. 4.9). For this process the 
welding tool with a shape structure near the circumfer-ence of the groove was 
employed. The shape structure works as an energy director which concentrates 
energy at a local area and at that point the polymer is welded. The study of the 
energy director width besides others has been investigated to optimize welding.  
The cross-section of the channel after ultrasonic hot embossing looks like a trapezoid 
due to the chamfer of the molding tool. The channel has a width of 500 µm at the 
bottom and 650 µm at the top. Two welding tools with a distance w of the energy 
directors from each other of 1.4 mm and 0.8 mm were tested (see Fig. 4.9).  
 
 
Fig. 4.9: Schematic drawing of welding tool molded channel and enclosing polymer. 
Cuts through channels enclosed by welding with the different tools are shown in Fig. 
4.10. Two grooves were formed in the top layer by the welding tool. The channel 
enclosed with the tool with a distance of 1.4 mm between the energy directors shows 
upright side walls but the top layer is welded approximately 100 µm behind the wall 
resulting in a small gap. The other enclosing tool with 0.8 mm distance between the 
energy directors generated a channel with a nearly rectangular cross-section and the 
top layer was welded adjacent to the top of the walls. Therefore, this tool was 
selected for welding. Energy directors even nearer to each other could have pushed 
the side walls of the channel apart from each other, and, therefore, were not tested.  
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(a) (b) 
Fig. 4.10: Cut through channels welded by energy directors at different distances: (a) 
1.4 mm and (b) 0.8 mm. 
The already molded channel needs to be aligned carefully relative to the welding tool. 
The 150 µm thick PP film was placed directly onto the tool and the film already 
molded in the previous step was put on top upside down and aligned to the tool by 
the alignment marks. Pressure and ultrasonic were applied, the polymer in the near 
of the energy directors was molten, and the channel was sealed, this way. This 
process was performed by two welding steps as well. First the inlets part was welded 
and the next was the outlet part. The welding of inlets was performed at 42 N and 
7.8 Ws in 1 s. The second weld was done at 42 N and 5.9 Ws in 0.8 s. The depth of 
welding was about 150 - 200 µm. Fig. 4.11 is the SEM of a break through the mixer 
channel after enclosing.  
 
 
Fig. 4.11: SEM of a break through the mixer channel. Notice the ridge inside. 
The two grooves in Fig. 4.11 were molded by the welding tool. The height of the 
channel was reduced during welding from 150 μm to 100 μm. The slope of the 
groove walls became steeper during welding. Thus a nearly rectangular cross-
section was formed after the welding process. Complete micro mixers after gluing 
fluidic connectors are shown in Fig. 4.12. 
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Fig. 4.12: Several micro mixers after gluing fluidic connectors compared to LEDs. 
 
4.5 Testing of the micro mixers 
The micro mixers were leakage proved by pumping blue colored water with a syringe 
pump into the channel inlets with 20 ml/h. Only one of ten micro mixers tested this 
way did not pass this test. Fig. 4.13 shows the leakage test.  
 
 
Fig. 4.13: Leakage test of micro mixer by pumping colored water into the channel.  
The mixing performance of the micro mixer was investigated in comparison to a 
micro channel with the same dimensions but without ridges on the bottom. A drawing 
of the experimental setup is shown in Fig. 4.14. Two liquids were injected into the 
micro channels by a syringe pump at a constant flow rate. The first liquid contained 
phenolphthalein as a pH indicator and the second sodium hydroxide (NaOH). 
Phenolphthalein was dissolved in 99 % ethyl alcohol at a concentration of 0.31 mol/l 
and NaOH had a concentration of 0.33 mol/l in 99 % ethyl alcohol [4.10]. The NaOH 
solution had a pH value around 13. Phenolphthalein changes its colour from 
transparent to red if the pH value becomes grater than 8. In the channel the interface 
between phenolphthalein and NaOH turns red and this red stripe broadens 
downstream due to diffusion. Therefore, the performance of mixing can be observed 
by watching the red stripe through the transparent PP film [4.11]. 
Flow rates were varied from 7.2 μl/h to 3.24 ml/h and photos of the micro channel 
were taken under a microscope between the merging point of the two inlets and the 
outlet. The microscope was focused 100 μm above the bottom of the micro channel 
and the channel was illuminated from the bottom. 
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Fig. 4.14: Experimental setup. 
The intensity of the red color in the photos made along the channel was integrated 
yielding a measure of the mixing in the imaged volume [4.12,4.13]. This intensity was 
calculated by using image processing methods. Pre-processing of the image was 
used to convert it into a gray scale by the code MATLAB. The regions of interest 
were selected with a scale along the mixer channel. Digital images were captured 
over 15 regions of the 25 mm long microchannel. In the gray image data normalizing 
process, the color of the unmixed zone was set to 255 which is the value for white. 
Mixed solution shows a value smaller than 255 then. The intensities of the gray 
values were measured and normalized as: 
maxI
N
I
I
N
n
n∑
=        (4.1) 
where In and N represent the intensity at pixel n and the total number of pixels in the 
mixing zone, respectively. Imax is the maximum intensity found in all experiments.  
 
4.6  Results 
Figure 4.15 shows images of experiment results after converting in grey scale both 
for a channel without ridges (Fig. 4.15(a)) and with ridges (Fig. 4.15(b)). The pictures 
were taken at different positions along the channel. The interface of the two liquids is 
clearly observed in Fig. 4.15(a). The width of the gray portion gradually increases 
along the channel obviously due to pure diffusion. Fig. 4.15(b) shows the result 
obtained with the mixer with ridges on the bottom of the channel. Obviously mixing is 
much faster in this case. The flow velocity was 3.24 ml/h in both experiments. Fig. 
4.16 shows the normalized average intensities of the images taken along the mixing 
channel at various flow rates. As expected, the mixing is quickest and the shortest 
channel length is required if the flow rate is small. The clear difference in mixing in 
channels with and without ridges on the bottom shows a similar effect as micro 
mixers from silicon [4.12].  
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Fig. 4.15:  Grey scale images taken at the different positions along the channel for (a) 
a smooth channel and (b) a channel with ridges at the bottom. Both investigations 
were made at a flow rate of 3.24 ml/h. The dotted lines indicate the position of the 
channel walls. 
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Fig. 4.16: Normalized average intensity in photos taken along the mixing channel as 
a function of the distance from the merging point of the two inlets. The curves 
correspond to the indicated flow rates. The lowest curve is for a micro channel 
without ridges. 
 
4.7 Conclusions 
 
Ultrasonic hot embossing was proven to be suitable for fabricating a micro mixer. 
Both molding and welding of a micro mixer was done just in a few seconds and it 
works similar as a micro mixer made of silicon. Molding at high force and long 
holding time improves molding of bottom ridges. When the welding tool showed a 
distance of the energy directors from each other of 120 - 125% of the channel width 
by welding depth at 100-150% of welding film thickness, rectangular channel walls 
welded next to their top side were obtained.  
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On the other hand, up to now the overall area which can be patterned is limited by 
the diameter of the ultrasonic horn and the amplitude and power generated by the 
available ultrasonic machine. 
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Chapter 5 
Fabrication and testing of a thermal flow sensor 
 
Thermal flow sensors or hot wire anemometers are well known for approximately a 
century [5.1]. An anemometer is based on convective heat transfer from a heated 
wire or film element placed in a fluid flow. Any change in the fluid flow condition that 
affects the heat transfer from the heated element will be detected virtually 
instantaneously. Thermal flow sensor can therefore be used to provide information 
related to for example, the velocity of the flow and temperature at the wire [5.1-5.3].  
The possibilities of ultrasonic hot embossing were investigated by manufacturing an 
anemometric flow sensor and testing its performance [4.2,5.4].  
5.1  Design of the flow sensor 
The flow sensor was designed as a 100 µm high, 500 µm wide, and 1 cm long 
channel. A gold wire with a diameter of 50 µm was used as a heating element which 
is crossing the channel. Fig 5.1 shows the cross section of the flow sensor design. 
 
 
Fig. 5.1: Cross section of the flow sensor: a gold wire, 50 µm in diameter, is placed in 
a micro channel with 0.5 mm x 10 mm x 0.1 mm width, length, and height, 
respectively. All measures are shown in mm 
 
5.2  Fabrication tool of the thermal flow sensor 
The inverse of the channel geometry was manufactured by milling into an aluminum 
alloy Al-Mg-Si plate with dimensions of 40 mm x 60 mm x 4 mm (cf. Fig. 5.2). The 
structures for embossing and welding were milled into the same aluminum plate. The 
micro structure for molding had dimensions of 500 µm height, 500 µm width, 1 cm 
length, and side walls with a slope of 30°. The protruding micro structure for welding 
had energy directors near the circumference of the channel as in the case of the 
micro mixer (cf. chapter 4.2). It forms a protruding wall surrounding a rectangular 
area with rounded corners and dimensions of 800 µm x 1.5 mm. This energy director 
was 500 µm high and 100 µm wide. Both tool structures have alignment marks locat-
ed around the channel. Figure 5.2 (a) shows a top view of the tool and Fig. 5.2 (b) a 
cross section.  
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(a) 
 
(b) 
Fig. 5.2: Embossing and welding tool of the micro flow sensor: (a) top view, on the 
left hand side is the embossing structure, the right side is the welding structure, and 
four alignment marks are arranged around these structures, (b) cross sectional view. 
All dimensions are in mm. 
 
5.3  Ultrasonic hot embossing of thermal flow sensor 
A double layer from PP films, 250 µm and 150 µm in thickness, was molded. The 
structure was molded on the side of the thinner polymer film with a force of 100 N 
and an ultrasonic amplitude of 9 µm. The groove was hot embossed in 150 ms with 
an ultrasonic energy of 16 Ws and 150 µm deep. After hot embossing it was 
necessary to press the polymer down onto the tool for another 500 ms with the mold-
ing pressure. That is for ensuring solidification of the structure before removing the 
film from the machine. A cut trough a molded channel is shown in Fig. 5.3. The slope 
of the walls of the hot embossed groove is due to the shape of the aluminum tool. 
 
Fig. 5.3: Photo of a cut through a polymer micro channel after molding into a double 
layer of polymer films, 250 µm and 150 µm in thickness. 
It turned out that the thickness of the molded polymer film should not exceed the 
depth of the channel to be made. If the embossing depth is 50 µm into a 150 µm thick 
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polymer film, no clear groove is generated as show in Fig. 5.4(a). On the other hand 
a deeper molding depth from 150 to 350 µm can be achieved. It should also be noted 
that a too large molding depth causes a high gap between the two polymer films (see 
Fig. 5.4(c)) because the molten polymer flows too much between the polymer layers.  
 
  
(a) (b) (c) 
Fig. 5.4: Cuts through molded polymer films, the upper film has 250 µm thickness 
and the lower one 150 µm. Molding was performed at 35 kHz, 9 µm and 100 N. The 
embossing depth was varied: (a) 50 µm, (b) 150 µm, and (c) 350 µm. 
Therefore, it is recommended that the molded polymer layer should show a thickness 
between 100 and 200 % of the depth of the micro structure to be made. 
5.4  Ultrasonic welding of thermal flow sensor 
After the groove had been molded into the polymer surface, the gold wire was fixed 
over the middle of the groove by adhesive tape. Then the channel was enclosed by 
ultrasonic welding with a 150 µm thick PP film. For this process the other part of the 
tool with the sharp protruding structure near the circumference of the groove was 
employed. The thinner polymer film was placed directly onto the tool and the film 
already molded in the previous step was put on top upside down and aligned to the 
tool. Pressure and ultrasonic were applied, the polymer in the near of the protruding 
tool was molten, and the channel was sealed, this way. This process was performed 
at 50 N and 13 Ws in 180 ms. During enclosing the thin gold wire not more than 50 N 
could be applied, because otherwise the thin gold wire was torn. Therefore, a longer 
welding time was required achieving a certain depth. The depth of welding was 
200 µm ensuring sealing of the channel. 
The already molded groove needs to be aligned carefully relative to the welding tool. 
This was facilitated by the alignment marks on the tool and the hot embossed film. 
The channel became rectangular during welding. Fig. 5.5 shows a photo  of a cut 
through a channel after welding. 
 
 
Fig. 5.5: Enclosing a channel by ultrasonic welding: Photo of a cut through a polymer 
channel after welding. 
Before welding the top layer onto the groove, two orifices had been drilled into it pro-
viding access to the channel. The entire process of embossing the channel is shown 
in Table 5.1. The process time can be reduced further by automatic handling of the 
samples. 
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Table 5.1: Process times of embossing and welding the flow sensor.  
Process Operate by Time [s] 
Embossing   
       Loading polymers to the tool Manual (2.0) 
       Fix polymers position Manual (2.0) 
       Ultrasonic horn move down Auto 1.0 
       Force build up Auto 0.5 
       Ultrasonic embossing time  Auto 0.15 
       Cooling time Auto 0.3 
       Returning horn Auto 1.0 
       Remove molded polymer Manual (1.0) 
Welding   
       Loading polymers to the tool Manual (2.0) 
       Fix polymers position and gold wire Manual (5.0) 
       Ultrasonic horn move down Auto 1.0 
       Force build up Auto 0.5 
       Ultrasonic embossing time  Auto 0.18 
       Cooling time Auto 0.3 
       Returning horn Auto 1.0 
       Remove molded polymer Manual (1.0) 
After welding fluidic connectors were glued over the orifices in the polymer layer en-
closing the channel. The fluidic connectors have a diameter of 6.5 mm, are 4 mm 
high and have a 1.5 mm wide hole through their center. Teflon tubes, 1.5 mm in dia-
meter, were used as a connector between the fluidic base and other tubes. The 
complete flow sensor is shown in Fig. 5.6 in comparison to a ladybug. The total size 
of the sensor is 1.5 cm x 0.5 cm x 0.9 cm length, width and height, respectively.  
 
 
Fig. 5.6: Micro anemometric flow sensor with fluidic and electrical connections 
compared to a ladybug. 
 
5.5  Testing of the thermal flow sensors 
The resistance change as a function of the temperature of the gold wire was measur-
ed by placing the flow sensor in a temperature controlled cabin. The temperatures 
were varied from 20 to 80°C and the resistances were measured by supplying a 
constant current of 800 mA and measuring the voltage drop over the wire. The 
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resistance of the wire is just 17 µΩ resulting in a heating of just 85 µW at 800 mA. 
Fig. 5.7 shows the result of this measurement. The resistance change is 0.28 %/°C. 
The flow sensor was driven with a constant current through the gold wire and the 
voltage drop over the wire was measured as a function of the water flow through the 
channel. 
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Fig. 5.7: Temperature calibration data of the gold wire. 
Fig. 5.8 shows the output voltage of the sensor for three different currents through 
the wire. These characteristic curves of the sensor are an inverted square root 
function of the flow velocity as expected for an anemometer. According to the 
measured resistance change of 3.5 µΩ at 50 ml/h and 800 mA the temperature of the 
wire was raised by 13°C over ambient temperature.  
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Fig. 5.8: Measured characteristic curves of the flow sensor driven with different 
electrical currents. 
The reaction time of the flow sensor was investigated by using a commercially avail-
able piezo-actuated micro diaphragm pump from thinXXS Microtechnology AG. At 
0.5 Hz pumping frequency the signals from the flow sensor were measured 24 ms 
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and 20 ms after switching the piezo on and off (cf. Fig. 5.9), respectively. The flow 
sensor detects a forward flow when the piezo is powered and a smaller back flow 
through the closing valves of the micro pump when the power is turned off again. 
 
 
Fig. 5.9: Sensor output signal of the pulsed flow of a micro pump. 
The flow direction cannot be detected with a single wire. This would become possible 
with the more complex sensor designs generally known [5.2, 5.3]. Experiments at 
higher pumping frequencies showed that the sensor is not able to achieve a shorter 
time resolution that 20 ms. Improvements which allow to achieve this, are employing 
an electronic which keeps the temperature of the wire constant and using the needed 
power to achieve this, as a measure of the flow velocity on the one hand [5.2, 5.3] 
and employing a thinner wire on the other hand. 
 
5.6  Conclusions 
Ultrasonic hot embossing has been proven to be suitable for fabricating an anemo-
metric flow sensor. Both ultrasonic hot embossing and welding of the sensor were 
performed in just a few seconds. The molded polymer layer is recommended to have 
a thickness between 100 and 200 % of the depth of the embossed structure. 
Ultrasonic welding with a thin gold wire has to be processed at low molding force, 
avoiding the wire being cut during the process.  
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Chapter 6 
Molded interconnect devices by  
ultrasonic hot embossing 
 
Molded interconnect devices (MID) are electrical conductor paths on polymer 
substrates which allow the integration of electrical circuits onto a surface like on a 
conventional printed circuit board. There are many fabrication technologies of MID 
e.g. injection molding behind a thin film carrying conductor paths, insert molding, 
laser structuring (additive and subtractive), and hot embossing [2.7,2.8].  
Hot embossing is suitable for the production of comparatively simple structures with 
an economical process. The layout of an electronic circuit is manufactured as a 
protruding micro structure on a molding stamp. A metal foil, possibly with an 
adhesion layer on one side, is placed on the substrate and pressed onto the polymer 
substrate at an elevated temperature. The conductor lines are punched out and 
joined to the thermoplastic substrate where there are protruding structures on the 
stamp. The metal foil not joined to the substrate is removed physically leaving the 
metal circuit lines on the substrate.  
In this thesis it was investigated whether ultrasonic hot embossing is suitable for 
generating MID also. The ultrasonic vibrations generate heat at the protruding 
structures on the tool. This heat is welding a polymer layer on an aluminum film onto 
a polymer substrate. The non-welded aluminum areas are removed physically easily. 
This technique was proven by fabricating and testing a transponder.   
 
6.1 Design of the transponder 
Radio frequency identification (RFID) is an automatic identification method remotely 
retrieving data using devices called RFID tag. An RFID tag consists of two parts: an 
integrated circuit for storing and processing information from a radio frequency signal 
and an antenna receiving and transmitting the signal. RFID tags fall into two 
categories distinguished by their power supply. There are passive and active tags. 
The active RFID tag requires a battery to power circuitry and antenna. On the other 
hand the passive tag needs no internal power supply. The power is inductively 
coupled by the reader. The tag uses this power driving the circuits and sending the 
information encoded in the memory of the tag [6.1]. 
In this experiment, the coiled antenna of a passive tag has been fabricated by 
ultrasonic hot embossing. Four rectangular windings with an outer diameter of 2.5 cm 
and an inner diameter of 1.5 cm were manufactured. Coil wires with 250 µm and 500 
µm width were fabricated. Fig. 6.1 shows the design and Table 6.1 shows the 
dimensions of both designs. 
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Fig. 6.1: Design of an RFID antenna.  
Figure 6.1 shows the design of the RFID antenna where D and d are the outer and 
inner diameters, respectively. w is the width of the wire and g is the gap between the 
windings.  
Table 6.1: Design dimensions of two transponder coils. 
Value Symbol Design 1  Design 2  
Outer diameter [mm] D 25 25.2 
Inner diameter [mm] d 15 12 
Width of wire [mm] w 0.25 0.5 
Gap between wires [mm] G 1 1.15 
Number of windings N 4 4 
 
The inductance of a flat rectangular antenna can approximately be calculated by 
[6.2]: 
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where N is the number of windings. W and S are the wire diameter and turn spacing, 
respectively. With this equation the inductance of design 1 and 2 was calculated to 
be 0.47 µH and 0.37 µH, respectively. 
The standard frequency ranges of passive transponders are 135 kHz, 13.56 MHz, 
868/915 MHz and 2.45 GHz according to ISO 15693, ISO 18000 and ISO 14223 
[6.1].  However the resonance frequency in this experiment was limited by the 
measurement device in house to not more than 3 MHz. Therefore, the assigned 
frequency of this experiment was between 2-3 MHz. The resonance frequency of a 
transponder can be calculated as [6.1]: 
LCπ
f
2
1=      (6.3) 
where L and C are the inductance and capacitance, respectively. Therefore, a 
capacitance of 10 nF has been used to achieve the designed frequency range.  
The calculation of induced voltage in the secondary coil can calculate as [6.1]: 
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where u2 is induced voltage. R2 is the resistance at the transponder coil. L1 and L2 
are the inductance of sender and transponder coil respectively. k be found as [6.1]: 
322
22
)( sendersenderrtransponde
senderrtransponde
rxrr
rr
k +⋅⋅
⋅=    (6.5) 
where r is a radius of coil and x is distance between two coils. I1 is the current in the 
sender coil that can find from [6.1]:  
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U0 and Ri are the voltage input in sender coil and the inner resistance of the 
generator respectively.  
 
6.2 Fabrication of the tool for the coil 
Four protruding rectangular rings were milled into an aluminum plate with 40 x 60 x 4 
mm3. For design 1 the protruding structure is 500 µm high and 650 µm wide. From 
the middle of this bar a 100 µm deep and 250 µm wide stripe was milled out. 
Therefore, at the edge of the bar a sharp cutting edge, 200 µm in width and 100 µm 
in height, was generated as shown in Fig. 3.32. At both ends of the windings 
electrical contact pads had been designed with dimensions of 3.4 x 3.4 mm2. Fig. 6.2 
shows the tools after milling.  
 
    
                   (a)        (b) 
Fig. 6.2: Transponder tool: (a) design 1; 250 µm width, and (b) design 2;     500 µm 
width. 
For design 2 the structure was milled 500 µm high and 700 µm wide into the 
aluminum plate. At the middle of the bar a 500 µm wide and 100 µm deep stripe was 
milled out forming a 100 µm high and wide cutting edge. The electrical contact pads 
were the same as for design 1. Fig. 6.2(b) shows the finished tool with design 2. 
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6.3 Ultrasonically molded interconnect devices 
As explained in Chapter 3.4, ultrasonic MID uses the heat generated by ultrasonic 
vibrations welding two layers of polymer together and at the same time punching out 
the metal layer. Before the process starts on one side of the metal film a polymer 
layer has to be deposited, which can be welded onto a polymer substrate.  A 10 µm 
thick aluminum film was used. Two types of thermoplastic acrylic polymers were used 
for deposition onto the aluminum film: Plextol B500 and Plextol M630 from the 
company PolymerLatex. Besides these, liquid PVC was employed. The properties of 
Plextol liquid polymers are shown in Table 6.2. 
 
Table 6.2: Properties of thermoplastic acrylic polymers [6.3]. 
 Plextol B500 Plextol M630 Unit 
Solids content  50 50 % 
pH value 9.5 7  
Viscosity 1 - 5 < 2.5 Pa·s 
Glass transition temperature 9 ~ 53 °C 
Appearance of film Clear film White film  
Water absorption 15 No data % 
Tensile Strength 3 ~ 35 N/mm2 
Elongation at break 500 ~ 4 % 
 
Each liquid polymer was dropped on the aluminum film to test bonding property. After 
that all samples were dried at 40 °C for 20 minutes in an oven. Table 6.3 shows 
photos of the aluminum films after drying of the polymers on them.  
Table 6.3: Liquid polymers after dry on the aluminum film. 
Plextol B500 Plextol M630 PVC 
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Plextol M630 did not bond onto the aluminum film. After drying the polymer was 
brittle and broken during drying process. On the other hand, Plextol B500 and PVC 
showed good adhesion on the aluminum. However PVC after drying was very easy 
to remove. Therefore, Plextol M630 and PVC are not suitable for use. 
Plextol B500 was selected to be used in the following process. The relation between 
the thickness of the spun polymer and the molding parameters was investigated. 
Plextol B500 was spin-coated onto aluminum films with four different thicknesses: 20 
µm, 40 µm, 100 µm, and 300 µm. It should be noted that after drying the thickness 
reduced by approximately 40 %.  
The tool in Fig. 6.2(b) was employed for this experiment. The aluminum film with the 
Plextol B500 layer was put on the molding tool with the polymer layer on the upper 
side. A 250 µm thick polypropylene (PP) sheet was placed above. Both films were 
fixed against lateral movement by an adhesive tape. Ultrasonic hot embossing 
parameters were set to 35 kHz, 9 µm amplitude, and 500 ms holding time. Molding 
force and a molding depth were varied as shown in Table 6.4. At each parameter set 
three samples were performed. During embossing the aluminum film was cut by the 
edges on the tool. After a few seconds at a preset embossing depth the ultrasonic 
vibrations were stopped and the horn was moved up. The non-welded areas of the 
aluminum film were removed with tweezers. The results are described in more detail 
in Table 6.5. 
Table 6.4: Parameters used for the investigation of ultrasonic MID.  
Parameters 
Plexto-B500 
Thickness 
(µm) 
Welding 
Force 
(N) 
Welding depth 
(µm) 
Welding 
result 
1 50 Not good 
2 50 100 Not good 
3 
20 
100 150 Good 
4 100 Not good 
5 50 150 Not good 
6 100 Not good 
7 
40 
100 150 Good 
8 150 Good 
9 180 Good 
10 
100 
200 Good 
11 150 Not good 
12 
100 
200 180 Not good 
13 200 Not good 
14 300 100 300 Not good 
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Table 6.5: Molding results from Table 6.4. 
Parameters Molding results 
1 
2 
Polymer sheets did not weld together and aluminum film was 
not cut out. 
3 
When increasing molding depth and force, the polymer layer 
was welded on the PP sheet and the metal film was cut. It 
showed good patterns after removing the non-welded areas. 
4 
5 
Molding took more than 5 s to reach the assigned depth and it 
was competitively long molding time. At that force the 
surrounding area was molten and welded to the PP sheet. It 
was difficult to remove the non-welded areas. 
6 Polymers were not weld together. The patterns were easily removed from the polymer substrate. 
7 
8 
9 
The non-welded areas were easily removed and it showed 
good metal patterns on the PP sheet. 
10 
There remained good metal patterns on the PP sheet. However, 
the removing process was difficult, because of the larger 
molding depth. 
11 
12 
It was difficult to remove non-welded areas and the metal 
patterns were destroyed during the removing process.   
13 
14 
The non-welded areas could not be removed. The polymer 
layer was burned during the embossing process. 
 
The 300 µm thick spin-coated polymer layer turned out to be too thick for welding. 
When the welding time took more than 5 s, the surrounding areas were molten and 
burned to the PP sheet and it was impossible to remove them. 
The experiments showed that the welding depth should be larger than the thickness 
of the polymer layer on the aluminum film and not less than the height of the tool 
edge. If the welding depth is less than the thickness of the polymer layer, the patterns 
can not be cut out. On the other hand, when the depth of welding is less than the 
high of the tool edge, the metal patterns are not welded on the polymer substrate. On 
the other hand, if the welding depth is increased over these values, difficulties may 
be caused in the removing process, because at the side area of the tool structure the 
polymer layers are welded together. As a consequence of these experiments, a 
welding depth between 150 and 180 µm appears to be best for polymer layers 
between 20 and 100 µm in thickness.  
At a small welding force such as 50 N a long welding time of approximately 6 s is 
required. Therefore, at the areas surrounding the protruding structures on the tool the 
polymer layers are welded together also. However, at a high force of around 200 N 
the welding time required for welding reduces to 3 s. As a result, the polymer layer 
was not welded onto the PP sheet beyond the structure on the tool. Best results were 
achieved with a welding force of 100 N. Fig. 6.4 (a) and (b) show the welded 
aluminum film on the PP sheet before and after removing the non-welded area 
respectively. The welding was preformed using parameter set 9 in Table 6.3.  
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(a) (b) 
Fig. 6.4 Photo of one corner of the transponder coil after ultrasonic hot 
embossing using parameter 3 in Table 6.3; (a) before removing non-welded 
areas, and (b) after removing them manually. 
The most promising parameters from the experiment above were employed for the 
following process. The Ploxtol B500 polymer, 100 µm in thickness after drying was 
deposited on the 10 µm thick aluminum film. The transponder was welded at 35 kHz, 
9 µm ultrasonic amplitude, 100 N force, 150 µm welding depth, and 500 ms holding 
time. The welding took about 3 s and 720 Ws to reach the designed depth. The 
complete transponder coils are shown in Fig. 6.4(a). Figure 6.4(b) shows a complete 
transponder after connection to a PCB board and an SMD capacitor.  
 
  
Fig. 6.4: (a) Transponder coils; (b) Transponder after connection to  
an SMD capacitor on a PCB board. 
 
6.4 Measurement and Results  
At both ends of the transponder coil wires were connected to a PCB board where an 
SMD capacitor was placed. A sender coil from copper wire was employed with 
20 mm diameter, 200 turns, and 638 µH inductance. A frequency generator supplied 
sine wave frequency between 1 MHz and 3 MHz at 10 V peak to peak to the sender 
coil. The magnetic wave was transmitted from the sender coil to the transponder 
fixed at a distance of around 2 mm. This way, the transponder was energized by the 
sender coil. An oscilloscope was used to measure the frequency response over the 
capacitor. The resonance frequency was found at the maximum amplitude of the 
measured response while scanning the generated frequency. The measurement 
results of the resonance frequency and resistivity of both designs are shown in Table 
6.6. The inductances from Table 6.6 were calculated with equation 6.2. 
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Table 6.6: Measured resonance frequencies and induced voltages of the 
transponder. 
 Design 1 Design 2 
Capacitance 
[nF] 
Resonance 
frequency 
[MHz] 
Induced 
Voltage  
[mV] 
Resonance 
frequency 
[MHz] 
Induced 
Voltage  
[mV] 
6.8 2.3 400 2.5 600 
10 2.0 370 2.23 580 
15 1.55 320 1.8 520 
For design 1 a resonance frequency of 2.3 MHz, 2 MHz and 1.55 MHz were 
measured with a capacitor of 6.8, 10, and 15 nF, respectively. The measurement of 
design 2 showed resonance frequencies of 2.5 MHz, 2.23 MHz, and 1.8 MHz with a 
capacity of 6.8, 10 and 15 nF, respectively. The resistance of the coils of design 1 
and 2 were 3.5 Ω and 1.9 Ω, respectively. The comparison between measurement 
results and calculation are shown in Fig. 6.5 for design 1 and in Fig. 6.6 for design 2.  
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Fig. 6.5: Comparison between measurement results of design 1 and calculation.  
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Fig. 6.6: Comparison between measurement results of design 2 and calculation.  
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Figure 6.5 and Fig. 6.6 show the resonance frequencies as a function of the 
capacitance from the measured at design 1 and design 2 with calculations according 
to equation 6.1 through 6.3. There data are compared. Trend lines through the 
measurement results have been drawn to guide the eye. The inductance of the 
transponder coils of design 1 and design 2 were calculated from measurements to be 
0.58 µH and 0.45 µH, respectively. Therefore, the inductances of the transponder 
coils were measured to be approximately     19 % less than the calculated values. 
The voltages induced in the transponder coil at resonance frequency are shown in 
Table 6.6 as a function of the capacitance used.  The induced voltage in the 
transponder coil is shown in Table 6.7 as compared between measurement and 
calculation according to equation 6.4 through 6.6. The current in the sender coil, i1, is 
1 mA and k is 0.9.  
 
Table 6.7: Induced voltage in the transponder coil compares with calculation. 
Design 1 Design 2 
Induced voltage (mV) Induced voltage (mV) Resonance 
Frequency 
(MHz) Measurement Calculation 
Resonance 
Frequency 
(MHz) Measurement Calculation 
2.3 400 598 2.5 600 792 
2.0 370 454 2.23 580 709 
 
6.5 Conclusions 
It has been proven that molded interconnect devices can be fabricated by ultrasonic 
hot embossing also. Within a few seconds a metal layer is cut out and welded to a 
polymer substrate. The transponders fabricated this way showed resonance 
frequencies which were 19 % smaller than calculated. This deviation can be 
attributed partly to the fact that the equations are an approximation and partly to the 
damping due to the resistance and the inductance of the transponder coil. 
On the aluminum film a polymer resin is necessary for sufficient welding. The 
required resin thickness turned out to be between 80 µm and 100 µm when a 10 µm 
thick aluminum film was employed.  
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Chapter 7 
Conclusions 
 
In this dissertation ultrasonic micro hot embossing has been introduced as a fabrica-
tion technique of micro devices. The parameters of the process have been studied 
and the technique has been proven to be suitable for the fabrication of micro devices. 
Micro mixers and thermal flow sensors were fabricated. The technique was develop-
ed further to allow fabrication of molded interconnect devices (MID). A transponder 
was fabricated by ultrasonic MID. The functional tests of all devices have shown that 
they work similar as devices made by other techniques. Other micro fabrication 
process, e.g. injection molding and hot embossing need several minutes of process 
times while ultrasonic hot embossing requires a few seconds only. Beside these, the 
investment cost of injection molding and hot embossing machines are on the order of 
more than 100,000 Euro while an ultrasonic embossing machine is a factor of 10 
cheaper. With Ultrasonic hot embossing the polymer is heated only locally, and, thus, 
less shrinkage can be expected which limits the patterning of large scale substrates 
with polymer micro structures. 
The investigations of this thesis show that frequency, ultrasonic time, embossing 
force and vibration amplitude are the parameters which are most important to control 
the fabrication of polymer micro devices by ultrasonic hot embossing. Several con-
clusions are drawn:  
• Ultrasonic machines working at 35 kHz are most suitable for ultrasonic micro 
hot embossing on polymer films with approximately 200 µm thickness. 
• The ultrasonic time should not exceed more than 160 % of the saturating time 
to avoid cracking and burning problems.  
• Higher pressure allows molding of deeper grooves as well as shorter ultra-
sonic times.  
• The amplitude of the ultrasonic vibrations is the most significant parameter 
increasing the heat power. 
• PP and MABS need the lowest embossing energy out of eight tested polymer 
types. 
• The most significant parameter of the polymers is the glass transition tempera-
ture which needs to be reached to soften them. 
• The ultrasonic energy required for embossing is a function of the area of the 
faying surface of the protruding micro structure on the tool. 
• The maximum depth of embossing is a function of the thickness of the 
polymer film. 
• Embossing thicker polymer films requires higher molding energy at a given 
depth. 
It is shown that employing two polymer films for embossing instead of a single one is 
advantageous, because smooth and uniform structures were achieved. During 
enclosing a micro structure a free stretched diaphragm can be molten in its center. 
This effect can be avoided if the protruding micro structures are on the horn instead 
of the tool. Vibrations are transmitted to the diaphragm only on a direct contact of 
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protruding structures.  More complete filling of a tool is achieved by longer holding 
times, larger ultrasonic energy and more force. Moreover, it was demonstrated that 
ultrasonic hot embossing of both sides of a polymer layer is possible when micro 
structures are milled both into the tool and the faying surface of the horn.  
Protruding micro structures 10 µm in width and 20 µm in height have been proven to 
be molded. It is not clear whether this is the limit, because smaller micro structures 
could not be produced with the available milling machine. On the other hand 2 µm 
high structures on the surface of a molding tool were molded also. The smallest inter-
stice that was filled with polymer was 43 µm wide. However grooves, 15 µm in width, 
could not be filled. The largest aspect ratio of a protruding structure on the tool which 
could be molded was 1:10 while the largest aspect ratio of an interstice which could 
be molded was 1:2.2. 
When grooves in the molding tool, 10 µm in width and 100 µm in depth, were 
molded, a line was visible where the polymer flowing down from opposite walls was 
joining. This phenomenon may be avoided and filling of deeper structures may be 
achieved by heating the tool close to the glass transition temperature of the polymer 
and evacuating the tool before ultrasonic hot embossing.  
Micro channels can be enclosed by ultrasonic welding of comparatively thin polymer 
films, 100 µm to 150 µm in thickness, when protruding structures on the tool are 
employed. The width of microstructures on a welding tool should not exceed 100 µm, 
because only a small area at the circumference should be molten. The welding depth 
of the enclosing process has to be approximately 150 - 200 % of the thickness of the 
welded layer. On the other hand, a larger welding depth may result in damaging and 
blocking the cavity. 
Besides ultrasonic hot embossing and welding of micro structures, it was shown that 
molded interconnect devices can be generated with this process as well. A metal 
layer is cut and welded to a polymer substrate within a few seconds. The smallest 
line width which was achieved is 50 µm. Nevertheless, removing of the not welded 
metal areas becomes very laborious if they are small and show a complicated pat-
tern. 
A chaotic micro mixer was fabricated by ultrasonic hot embossing and welding. The 
mixing of liquids was enhanced by ridges in the mixing channel. The ridges were 
molded on the bottom of the mixing channel 20 µm high and orientated at an angle of 
45˚. A comparatively long cooling time of 8 s was required ensuring complete filling of 
the bottom of the tool. However, even longer cooling times showed no significant 
effects.  
The welding tool was designed such that it has protruding micro structures near the 
circumference of the channel. The slope of the channel walls was changed from 60 ° 
before welding to approximately 90 ° afterwards resulting in a nearly rectangular 
channel. Similar mixing results were obtained as known from a micro mixer made of 
silicon. The presence of the ridges decreased the mixing time by a factor of 4.   
A thermal flow sensor was fabricated also by ultrasonic hot embossing. The flow 
sensor has dimensions of 1 cm length, 500 µm width and 100 µm height. The 
channel was molded into double polypropylene (PP) films with 150 µm depth. A gold 
wire, 50 µm in diameter, was used as the heater element and welded during the 
enclosing of the channel. During ultrasonic welding the channel height was reduced 
to about 100 µm. 
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The sensors were tested by supplying a constant current and the voltage differences 
over the heater element were measured at various water flows. The measurement 
results are in agreement with theory. The reaction times of the sensor were 
measured by a piezo-actuated micro diaphragm pump. At 0.5 Hz pumping frequency 
the signals from the flow sensor were measured 24 ms and 20 ms after switching on 
and off the piezo, respectively. Higher pumping frequencies showed that the sensor 
was not able to achieve a shorter time resolution than 20 ms. 
Improvements which are expected allowing achieving this are employing an electro-
nic which keeps the temperature of the wire constant and using the needed power to 
achieve this, as a measure of the flow velocity on the one hand [5.2, 5.3], and 
employing a thinner wire on the other hand. 
The fabrication of molded interconnect devices by ultrasonics was exemplified by 
manufacturing a transponder.  The heat was generated at the protruding structure on 
the tool which had the pattern of an electrical coil. The pattern was cut out of an 
aluminum film and welded onto the polymer substrate by a polymer layer on one side 
of the aluminum. The rest of the polymer substrate remained to be unchanged. The 
non-welded area of the aluminum was removed physically easily.  
This technique was proven by fabricating the antenna of a transponder. The thermo-
plastic acrylic polymer Plextol B500 turned out to be most suitable of three types 
investigated for welding the aluminum to the substrate. The investigations showed 
that the thickness of the polymer should be around 80 µm to 100 µm. The molding 
force needs to be adjusted properly. A small force results in long welding times and 
melting of surrounding areas. On the other hand a high force shortens welding time 
so much that the polymers are not sufficiently welded together. The required depth of 
welding is a function of both the thickness of the welded films and the dimension of 
the structure on the tool. The fabricated transponder coils have inductance of 0.58 
µH and 0.45 µH for different designs. The transponders were inductively coupled and 
resonance frequencies between 1.5 MHz and 2.5 MHz according to different 
assembled capacitors and designs.  
Further improvements of this process are desirable, however. A polymer with better 
adhesion to the aluminum and a glass transition temperature closer to the one of the 
substrate would ease the process much. 
In summary, ultrasonic hot embossing has been developed to fabricate micro devi-
ces. The process parameters have been investigated and optimized. It is possible 
that more complicated systems such as micro pumps and micro valves could be 
fabricated by ultrasonic hot embossing also. 
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